
INTERMEDIATE SCIENCE SERIES 
Edited by S. C. Laws, O.B.E., M.A., M.Sc. 


A TEXTBOOK OF 
PURE AND APPLIED CHEMISTRY 




A TEXTBOOK OF 

PURE AND APPLIED 

CHEMISTRY 


BY 

JAMES E. GARSIDE 

Ph.D. (Lond.), M.Sc.Tech. (Mane.), F.R.I.C., F.I.M. 

(Head of Department of Applied Chemistry, 
Northampton Polytechnic , London, E.C.l) 

AND 

R. F. PHILLIPS 

M.A., B.Sc. (Oxon.), Ph.D. (Lond.), F.R.I.C. 

(Head of Department of Pure and Applied 
Science and Chemical Engineering, 

The Loughborough College of Technology) 



LONDON 

SIR ISAAC PITMAN & SONS, LTD. 



First published 1953 




ALLAMA IQBAL LIBRARY 



13265 


ISAAC PITMAN & SONS. Ltd 

PITMAN HOUSE. PARKER STREET. KINGSVVAY. LONDON. W.C.2 

THE PITMAN PRESS. BATH 

LITTLE COLL,NS STREET. MELBOURNE 
BECKETTS BUILDINGS. PRESIDENT STREET, JOHANNESBURG 

ASSOCIATED COMPANIES 

PITMAN PUBLISHING CORPORATION 

2 WEST 45th street. NEW YORK 
SIR ISAAC PITMAN & SONS (CANADA) Ltd 

'™ A „ T ^S E T T S , C ^r ERCUL TEXT COMpInV) 

PITMAN HOUSE. 381-383 CHURCH STREET. TORONTO 


























PREFACE 


It has been the aim of the authors to present an account of the more 
important aspects of general chemistry in a form suitable for use by students 
taking various courses and studying different aspects of both pure and 
applied chemistry. Some of the chemistry courses which the authors have 
had in mind throughout, and for which this book may be used to advantage, 
include National Certificate courses; applied chemistry courses such as 
those in metallurgy, metal finishing, fuel technology, chemical engineering 
and ceramic technology, in all of which chemistry plays a predominant 
part; chemistry courses for the General Certificate of Education at both 
the Ordinary and Advanced levels; Intermediate Science and Subsidiary 
Chemistry for degree courses. It is also recommended to those engineers 
who are anxious both to acquire a working knowledge of chemistry and 
also to become conversant with the variety of new materials and processes 
which characterize this present age. 

Although limitations of space have prevented the authors from dwelling 
in any detail on the history of chemistry, it should not be construed from 
this that they consider the historical approach of little value. Indeed, they 
would urge all sincere students of chemistry to take every opportunity to 
learn of, and profit from, the difficulties and triumphs experienced by those 
who, from the time of the alembic to this radiochemical age, have made 
scientific integrity a principle of life. It is perhaps appropriate, therefore, 
to direct the reader’s attention to the Chemical Society’s series of Memorial 
Lectures in which are given accounts of the lives and works of many 
distinguished chemists of all nationalities. 

In preparing the manuscript the authors have been able to consult 
many authorities and every effort has been made to give acknowledgment 
in the text where appropriate. In addition a number of industrial organiza¬ 
tions have most kindly permitted reproduction of their illustrations. To 
these, the authors wish to express their appreciation and thanks and would 

also like to apologize in advance for any acknowledgment inadvertently 
omitted. 

J. E. G. 

r R. F. P. 

September , 1952 
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PART I 


GENERAL THEORETICAL 
AND PHYSICAL CHEMISTRY 


By 

James E. Garside, Ph.D., M.Sc.Tech., F.R.I.C., F.I.M. 




CHAPTER 1 


THEORETICAL BACKGROUND OF 
CHEMICAL COMBINATION 

All known substances are characterized by certain specific and constant 
properties, chemical and physical, which permit of their classification 
into one or other of several groupings. For example, certain substances 
are incapable of being broken down into simpler substances either by 
physical methods or as the result of the ordinary types of chemical 
reaction. Such simple substances are known as elements . 

On the other hand, by the application of physical processes or of 
chemical reactions, many substances may be split up into two or more 
simpler substances. If this division into simpler substances may be 
effected by the employment of physical means the initial substance is 
known as a mixture . If, however, in order to effect subdivision a chemical 
reaction is necessary, then the initial substance is termed a compound . 

Granite is a mixture, the chief component substances of which are 
quartz, felspar and mica. Each of these individual component substances 
exhibits a number of specific properties and the chief characteristic of a 
mixture is that each of the component substances exhibits precisely the 
same properties as it would were it existing alone, since in admixture it is 
unaffected by the presence of the other components. In other words, 
specific properties are not destroyed by mixing. 

Salt is an example of a compound formed by the chemical combination 
of the two elements sodium and chlorine, a compound being defined as 
a substance resulting from the synthesis of and capable of decomposition by 
means of a chemical reaction into , two or more simpler substances . 

If zinc powder is mixed with powdered sulphur there is produced a 
mixture from which the sulphur may easily be separated again from the 
zinc by taking advantage of a property of sulphur, namely its solubility in 
carbon disulphide, in which zinc is insoluble. If, however, this mixture of 
zinc powder and powdered sulphur is heated to dull red heat an entirely 
new substance, zinc sulphide, is formed. Zinc sulphide is an example of a 
compound and it is impossible by the use of the solvent carbon disulphide 
to extract or dissolve out the sulphur since this element is now chemically 
combined with the zinc as zinc sulphide. Similarly, if a mixture of zinc 
powder and powdered sulphur is treated with a little dilute hydrochloric 
acid, the zinc reacts with the acid to give rise to the evolution of the odour¬ 
less gas hydrogen, whereas when zinc sulphide is treated with hydrochloric 
acid in the same way this compound gives rise to the evolution of a strongly 

3 
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smelling gaseous compound, hydrogen sulphide, instead of the gaseous 
element hydrogen. Thus, the synthesis of zinc sulphide from its component 
elements zinc and sulphur has resulted concurrently in the loss of the 
individual properties of the elements zinc and sulphur and the appearance 
of the different properties of zinc sulphide. 

CHEMICAL COMBINATION BY WEIGHT 

The formation of chemical compounds from their component elements 
is governed by four laws. 



Fig. 1. Law of Conservation of Fig. 2. Reaction to illustrate 

Mass illustrated by the Burning the Law of Conservation 

of a Candle of Mass 


The Law of Conservation of Mass 

This law is the basis of all quantitative chemistry and states that the 
total mass of a system is unaffected by any chemical change which may 
occur within the system * 

The validity of this law may be demonstrated by the combustion of the 
candle within the apparatus as shown in Fig. 1. The candle slowly disap¬ 
pears by combustion but the total weight of the apparatus, suspended on 
the balance beam, remains constant since the gaseous products of the 
combustion are absorbed by the sodium hydroxide contained within the 
U tube, i.e. total weight of reactants = total weight of products. 

Strictly applied this statement implies that matter can neither be created nor 
destroyed in a chemical reaction, and is sometimes called The Law of Indestructibility 
of Matter. This, however, is not in accordance with relativity theory which requires 
that matter is regarded as partly convertible into energy as a result of a chemical 
reaction. Since the loss of mass in any given small scale chemical experiment is 
extremely small, the law of conservation of mass remains to all intents and purposes a 
correct statement of practical experience. 
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Similarly, reactions in solution between substances contained within 
closed vessels such as is shown in Fig. 2 afford confirmation of the validity 
of this law. Typical pairs of substances suitable to serve as reactants are 
ferrous sulphate and silver sulphate, and iodine and sodium sulphite. 

The Law of Constant Proportions 

This law states that a chemical compound always has the same , fixed 
composition by weight. It may be illustrated by reference to the compound, 
black copper oxide. This compound, which consists solely of the two 
elements copper and oxygen, may be prepared by heating any one of the 
compounds, copper carbonate, copper nitrate, or copper hydroxide. No 
matter which compound is selected the black copper oxide thus produced 
always has the same percentage composition by weight of copper and 
oxygen.* 

The Law of Multiple Proportions 

This law states that when two chemical elements combine together in more 
than one proportion (forming two or more compounds ), the weights of one 
element which unite with a fixed weight of the other element are in a simple 
ratio. This law may be illustrated by reference to the two oxides of carbon, 
i.e. carbon monoxide and carbon dioxide. It has been shown as the result 
of very precise investigations that in the formation of carbon monoxide, 
1 g of carbon combines with 1-3333 g of oxygen; whilst in the case of 
carbon dioxide, 1 g of carbon combines with 2-6666 g of oxygen. Thus, 
the ratio of the two combining weights of oxygen in the two different 
oxides of carbon is 1-3333:2-6666, that is, 1 ;2. Similarly, in the case of 
the five oxides of nitrogen—nitrogen monoxide, dioxide, trioxide, tetroxide 
and pentoxide—a similar condition prevails in that 1 g of nitrogen 
combines with weights of oxygen in the ratio of 0-572:1-144:1-716:2-288: 
2-850 g, i.e. in the ratio of 1:2:3:4:5. 


The Law of Reciprocal Proportions 

This law, which is also known as the Law of Equivalent Proportions is as 

follows: The different weights of two elements which react separately with 

a constant weight of a third element bear a simple ratio to the proportions 

by weight in which they will react with one another , or with a fourth 
element. J 


Thus, for example in hydrochloric acid, each 1 g of hydrogen is combined 
with 35-5 g chlorine, and when this acid is acted upon by metallic mag¬ 
nesium, 1 g of hydrogen is liberated by each 12 g of the metal. According 
to the statement of the Law of Reciprocal Proportions, when magnesium 


* It is to be noted here that the discovery of isotopes has rendered invalid the 
55) PP 1Catl ° n ° f th,S laW ' The im P lications of this fact will be discussed later 
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and chlorine combine they should do so in the proportion of 12 g of 
magnesium with 35-5 g of chlorine, and this is shown to be the case since 
in magnesium chloride 24 g of magnesium combine with 71 g of chlorine, 
or 12 g magnesium with 35-5 g of chlorine. 

THE ATOMIC THEORY 

A quantitative interpretation of the four laws of chemical combination 
described above is provided by the Atomic Theory, first proposed more or 
less in its modern form by John Dalton in his well-known New System of 
Chemical Philosophy (Manchester, 1808-10). 

The essential points of Dalton’s Atomic Theory are— 

( а) All elements are composed of discrete particles known as atoms , an 
atom being defined as the smallest particle of an element which may take 
part in a chemical reaction. 

(б) All atoms of any one element are alike in weight, and in all other 
properties, and differing in these respects from the atoms of other elements. 

(c) Resulting from chemical reaction, atoms of different elements may 
combine together to form molecules of chemical compounds in the pro¬ 
duction of which the union of atoms occurs in a simple numerical ratio. 
A molecule is defined as the smallest portion of a substance (which may be 
either a chemical compound or a chemical element) capable of individual 
existence. It is to be noted here that in the case of a molecule of a chemical 
compound the atoms of the elements which make it up are dissimilar, 
whereas in the case of a molecule of an element the atoms are all similar 
to one another. 

Since the absolute weight of a single atom of any element is of very small 
magnitude it is usual to express the atomic weight of an element by 
i eference to the atomic weight of some other element chosen as standard. 
Thus, the atomic weight of an element is the ratio of the weight of an atom 
of that element to the weight of an atom of a standard element. In the 
true sense, therefore, the atomic weight as normally quoted is not a weight 
but a ratio. Originally hydrogen was chosen as the standard element with 
an atomic weight of unity. On this basis, oxygen has an atomic weight of 
15*875. However, it was observed that only about half of the elements 
formed compounds with hydrogen, whilst with oxygen they nearly all 
formed compounds which were very suitable for analysis, and hence for 
atomic weight determination. It has, therefore, been agreed internationally 
that atomic weights shall be evaluated on the basis of oxygen as the 
standard element with an atomic weight of 16. 

A further simplification which accrues from the adoption of oxygen as 

standard is that the atomic weights of a number of elements approach 

more closely to whole numbers than they do when hydrogen is taken as 

the standard element. On the basis of oxygen as 16*000, the atomic weight 
of hydrogen is 1*0078. & 
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THE GAS LAWS AND MOLECULAR THEORY 

Variations in temperature, with or without pressure variations, and the 
onset of chemical reactions, give rise to corresponding changes in the 
volume of gases. There are four laws which relate the behaviour of gases 
under the influence of such variables. These laws are— 

(a) Boyle’s Law, 

( b ) Charles's Law, 

(c) Dalton’s Law of Partial Pressures, and 

(d) Gay-Lussac’s Law of Volumes. 


Boyle’s Law (1662) 

This law, sometimes known as Mariotte's Law, states that, provided the 
temperature remains constant , the volume of a given mass of gas varies 
inversely as the pressure exerted upon it , i.e. for any given temperature, 

V oc - 

P 


or PV = k x .(1) 

where P = pressure, V = volume of a given mass of the gas, and k l = a 
constant. 


Charles’s Law (1802) 

This law, derived by Gay-Lussac following earlier experiments by Charles, 
states that, provided the pressure remains constant , the volume of a given 
mass of a gas is directly proportional to its temperature as measured on the 
absolute temperature scale , i.e. at any given pressure, 


V oc T 


Whe u e V r y° lume of a § iven mass of the gas. T = temperature of the gas 
on the absolute scale, and ko — a constant. 

These two laws may be combined in the single statement that the product 
of the pressure and the volume of a given mass of a gas is proportional to 
the temperature of the gas on the absolute temperature scale. This may be 
expressed mathematically in a single equation, thus_ 


r v = /C3 / . . . . ( 3 ) 

P ’ Kand T have the same significance as in equations (1) and (2) 
and k 3 is a constant involving both k 3 and k t . H W 

ofgas “tf ValUC ° f the C ° nStant ** WiU 136 de P endent u P°n the mass 

lar’weiphTnr molecu , Iar wei g ht in grammes (i.e. the gramme molecu- 
g t or gramme molecule, or more simply the mole) then k 3 will 
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assume a particular value, being the same for all gases. This particular 
value is denoted by using in place of k 3 the symbol R , which is termed the 
gas constant. The numerical value of the gas constant is independent of 
the nature of the substance under examination, or of the physical conditions 
which exist. Equation (3) then assumes the form— 

PV = RT . . . . (4) 

being known as the equation of state for the mole. 

The general equation of state applying to any mass of gas is— 

PV=nRT . . . . (5) 

where n = number of moles of the gas, other symbols retaining their 
previous significance. 

Numerical Value of the Gas Constant. At 0 C C (i.e. 273°K) and 1 atmos¬ 
phere (i.e. 760 mm) pressure one mole of any gas occupies 22-41 litres. 
Applying equation (4) the numerical value of the gas constant is— 

PV 

R — rj, 

1 x 22-41 
= 273 

= 0-08207 litre-atmospheres/mole/°K 

However, since a pressure of one atmosphere will maintain a column of 
mercury (density = 13-59) 76 cm high under a force due to gravity of 
981 cm/sec 2 and— 

1 litre-atmosphere = 1000 x 13-59 x 76 x 981 ergs 

= 101-3 x 10 7 ergs 

therefore, R = 0-08207 litre-atmospheres 

= 8-314 x 10 7 ergs/mole/ c K 

However, 1 joule = 1 x 10 7 ergs 

therefore, R — 8-314 joules/mole/°K 

and since, 1 calorie = 4-185 x 10 7 ergs 
then, R= 1-986 calories/mole/°K 


Dalton’s Law of Partial Pressures (1801) 

This law, which states that the sum of the partial pressures of the constituent 
gases of a mixture of gases is equal to the total pressure of the gas mixture , 
illustrates further the mutual independence of the molecules of a gas. 


Gay-Lussac’s Law of Volumes (1808) 

Dalton proposed that in the process of chemical reactions the union of 
atoms occurred in a simple numerical ratio whilst Gay-Lussac pointed out 
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that gases react in simple proportions by volume. This is expressed more 
precisely in Gay-Lussac’s Law of Volumes which states that when gases 
combine chemically , the volumes of gases which react and the volumes oj 
their products , if gaseous , bear a simple relation to one another when 
measured under the same conditions of temperature and pressure . 

Thus, in the formation of hydrogen chloride from the component 
elements hydrogen and chlorine, equal volumes of the elemental gases 
unite to form two volumes of gaseous hydrogen chloride— 

Hydrogen -f Chlorine = Hydrogen chloride 

1 volume 1 volume 2 volumes 

Similarly, in the formation of water from the elemental gases hydrogen 
and oxygen, 2 volumes of hydrogen unite with 1 volume of oxygen to 
form 2 volumes of water (this compound being measured in the form of 
water vapour). 

Hydrogen + Oxygen = Water (as water vapour) 

2 volumes 1 volume 2 volumes 

At first, Gay-Lussac, Dalton, and others tried to show that the Law of 
Volumes demonstrated that, under the same conditions of temperature 
and pressure, equal volumes of all gases contain the same number of 
atoms. This assumption, however, leads to an absurdity, as is shown by the 
following discussion. 

2 volumes of hydrogen + 1 volume of oxygen = 2 volumes water vapour 

Suppose each volume of hydrogen contains n atoms of hydrogen, then, 
In atoms of hydrogen + n atoms of oxygen = 2 n particles of water vapour 
and, 

2 atoms of hydrogen 4- 1 atom of oxygen = 2 particles of water vapour 

These two particles of water vapour must be identical, each containing 
one atom of oxygen. But this is obviously absurd since there is available 
only one atom of oxygen and by definition an atom is incapable of sub¬ 
division by chemical means. 

AVOGADRO’S HYPOTHESIS 

The difficulty described above was overcome by Avogadro who proposed 
that under the same conditions of temperature and pressure , equal volumes of 
all gases contain the same number of molecules . This statement is usually 
known as Avogadro’s Hypothesis. The molecules of all the elements 
contain one or more atoms, usually a small whole number of atoms. The 

number of atoms present in a molecule of an element is known as the 
atomicity of the element. 
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Deductions from Avogadro’s Hypothesis 

The Atomicity of Hydrogen (and certain other gases). A study of the 
volume relationships of hydrogen and chlorine when they react together 
to form hydrogen chloride leads to the fact that 

1 volume of hydrogen reacts with 1 volume of chlorine to produce 

2 volumes of hydrogen chloride 

Thus, from Avogadro’s Hypothesis it follows that 

1 molecule of hydrogen reacts with 1 molecule of chlorine to produce 

2 molecules of hydrogen chloride 

Since two molecules of hydrogen chloride have thus been produced from 
one molecule of hydrogen and one molecule of chlorine, each molecule of 
hydrogen (and of chlorine) must be capable of subdivision into two equal 
parts, in other words each molecule of hydrogen must contain an equal 
number of hydrogen atoms. By a similar argument it may be established 
that the chlorine molecule also contains an equal number of chlorine 
atoms. Now hydrogen is a gas which reacts with other elements forming a 
large number of gaseous compounds, of which some at least must contain 
only one atom of hydrogen. It has been shown by experiment that the 
weight of hydrogen in a fixed volume (e.g. one litre at S.T.P.*) in any one 
of these gaseous hydrogen compounds is never less than a certain minimum 
value which must therefore correspond to the presence of a single atom of 
hydrogen in a molecule of the compound. Since experiment has also 
shown that the weight of a litre of hydrogen, under the same conditions of 
temperature and pressure, is twice this minimum value it follows that one 
molecule of hydrogen must contain two atoms of hydrogen. 

A consideration of the specific heats of hydrogen at constant pressure 
and at constant volume also leads to the conclusion that the atomicity of 
hydrogen is two. 

It is usual to distinguish between (i) specific heat of a gas as determined 
at constant volume, C v , and (ii) specific heat as determined at constant 
pressure, C p , the latter being the larger of the two since more heat is 
absorbed by a gas which is allowed to expand and do external work, than 
one confined to a fixed volume. 

In a monatomic gas all the heat applied goes to increase the kinetic 
energy of translation of the molecules; but, in a gas containing mole¬ 
cules of atomicities greater than one, part of the heat goes towards 
increasing the kinetic energy of translation, but part will also go towards 
increasing the kinetic energy of vibration of the atoms in the molecule. 

Thus it can be shown by experiment that the ratio —£ is less for a 
polyatomic gas than for a monatomic gas. Cv 

* S.T.P. (Standard Temperature and Pressure) refers to 0°C and 760 mm mercury 
pressure. 
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General values are as follows 


Atomicity of Gas 

Ratio of Specific Heats, C p /C v 

1 

1-67 

2 

1-40 Hydrogen gives 
a value of 1-408 

3 

1-30 


Molecular Weight and Vapour Density. The vapour density of a gas 
= weight of any volume of the gas/weight of the same volume of hydrogen, 
both gases being measured under the same conditions of temperature and 
pressure. 

From Avogadro’s Hypothesis it follows that— 

Weight of n moles of the gas 
Weight of n moles of hydrogen 

Weight of 1 mole of the gas 
Weight of 1 mole of hydrogen 

Molecular weight of the gas 
Molecular weight of hydrogen 



The atomic weight of hydrogen is 1*0078, and since the atomicity of the 
hydrogen molecule is two, its molecular weight is 2-0156. Therefore 

Vapour density = M ° leCular weight of the gas (g) 

Thus, Molecular weight = Vapour density x 2 0156 
or more simply 

Molecular weight = Vapour density x 2 . . . (6a) 

The Gramme Molecular Weight of any Gas at S.T.P. occupies 22*41 litres. 
It is an experimental fact that 1 litre of hydrogen at S.T.P. weighs 0-0897 g. 
Thus, taking 1 gramme molecular weight of hydrogen to be 2-0156 g 
then this weight must be contained, at S.T.P., in 22-41 litres. Sinre 
vapour density = weight of 1 mole of the gas/weight of 1 mole of hydrogen 
and 1 gramme molecular weight of hydrogen, at S.T.P., occupies 22-41 
litres, it follows that 1 gramme molecular weight of the gas, also at S.T P 
must also occupy 22-41 litres. * 

This volume of 22-41 litres is known as the Gramme Molecular Volume. 
Avogadro Number. Resulting from the application of various physical 
methods it has been shown that the gramme molecular weight of any gas 
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occupying 22*41 litres at S.T.P. contains 6*025 x 10 23 molecules. This 
constant is known as the Avogadro Number. Since the atomic weight of 
hydrogen is 1*078 the weight of an atom of hydrogen is 1*79 x 10 -24 g. 

CHEMICAL SYMBOLS 

With the object of depicting the nature of chemical reactions in a form 
which is instantly obvious, it is usual to use symbols to represent the names 
of the elements involved. Thus O represents oxygen, S, sulphur, H, hydro¬ 
gen, N, nitrogen and so on. These symbols however are more than a type 
of “short-hand” sign for the names of the elements. The symbol O, as 
well as being a symbol for the name oxygen, also represents one atomic 
weight (i.e. 16 parts by weight) of oxygen, similarly, the symbol S represents 
one atomic weight of sulphur (32 parts by weight). In other words, the 
use of the symbol of an e ement implies one atomic weight of the element 
in question. 

Since the names of many elements commence with the same letter, two 
letters often have to be used for a chemical symbol. Thus, C represents 
one atomic weight of carbon, but Ca stands for one atomic weight of 
calcium and Cl for one atomic weight of chlorine. In addition, the 
chemical symbols for certain of the elements are derived from their Latin 
names, thus Cu represents one atomic weight of copper, Ag stands for 
one atomic weight of silver, Fe for one atomic weight of iron, and so on. 

These symbols are international and a complete list is included in the 
table of atomic weights which is given on p. 50. 

VALENCY (OR VALENCE) 

When two elements react together, a chemical compound is formed and 
the name of such a compound ends with the suffix “-ide.” Thus, when 
hydrogen and chlorine react together they form hydrogen chloride, the 
interaction of calcium and carbon gives rise to calcium carbide, and the 
chemical union of zinc and oxygen produces zinc oxide. 

A consideration of the four compounds, hydrogen chloride, HC1, 
water, H 2 0, ammonia, NH 3 , and methane or marsh gas, CH 4 , shows that 
the element hydrogen is present in each. It is also an experimental fact 
that one atomic weight of each of the four elements, chlorine, oxygen, 
nitrogen and carbon, is capable of combining with varying numbers of 
atomic weights of hydrogen. In actual fact, one atomic weight of chlorine 
combines with one atomic weight of hydrogen; one atomic weight of 
oxygen combines with two atomic weights of hydrogen; one atomic 
weight of nitrogen with three atomic weights of hydrogen; and one atomic 
weight of carbon with four atomic weights of hydrogen. 

The number of atomic weights of hydrogen with which one atomic 

weight of an element will combine or displace is known as its valency (or 
valence). * 
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VALENCY (OR VALENCE) 


The following are some of the elements and their valencies. 

Table I 


Valency Values for some Common Elements 


I 1 

1 

II 

Sodium 

Calcium 

Potassium 

Strontium 

Silver 

Barium 

Mercury 

Zinc 

Fluorine 

Magnesium 

Chlorine 

Manganese 

Bromine 

Copper 

Iodine 

j Iron 

Nickel 

Tin 

1 Lead 
Mercury 

Oxygen 

Sulphur 

Carbon 


III 

1 

IV 

V 

VI 

Aluminium 

Tin 

Phosphorus 

Sulphur 

Iron 

Lead 



Chromium 

Carbon 



Nitrogen 

Silicon 



Phosphorus 


i 

i 



If an element exhibits a valency of one it is said to be monovalent (or 
univalent ); if its valency is two it is said to be divalent. Elements with 
valencies of three, four, five, six, seven and eight being termed tri-, tetra -, 
penta -, hexa -, hepta- and octa-v alent respectively. 

An important use of valency is the help it affords in the writing of 
chemical formulae*. In order to write the formula of a chemical compound 
it is best, until facility is obtained, to mark the symbol of the element with 
its valency, thus— 

Na 1 or Ca TI or Al m 
and Cl 1 or O 11 or N 111 


In writing the formula for a chemical compound formed by the union of 
two elements the following rule must be observed: The total number of 
atoms of the two elements which combine must have equal total combining 
capacities, that is, identical total valencies. Thus, the formula for sodium 
chloride is NaCl, that of potassium fluoride, KF, and that of silver iodide, 
Agl, all these constituent elements being monovalent. Similarly, in the 
case of any pair of elements in the same valency group, the formula for 
calcium oxide is CaO, that of zinc sulphide, ZnS and that of aluminium 
phosphide, A1P. 

The formulae of compounds formed jby the chemical union of elements 
from differing valency groups is illustrated by the following examples. 
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(1) Aluminium oxide has the formula, A1 2 0 3 

Al 2 m has a total valency of (2 x 3) 

0 3 n has a total valency of (3 x 2) 

(2) Barium chloride has the formula, BaCl 2 

Baj 11 has a total valency of (1 x 2 ) 

Cljj 1 has a total valency of (2 x 1) 


6 

6 


2 

2 


The formula of a compound gives in condensed form the following 
information— 


(i) the elements which have combined to form the compound, 

(ii) the proportion by weight of each of these elements, and 

(iii) the molecular weight of the compound. 

Given the percentage composition of a compound, its formula may be 
derived as is illustrated by the following example. 


The percentage composition of calcium carbonate is as follows— 

Calcium .... 40 0 

Carbon . . .12-0 

Oxygen . . . . 48 0 

In a chemical compound the percentage by weight of each element present 
is proportional to the number of atoms of that element per molecule of the 
compound, and to the atomic weight of the element in question. 

Thus, for example— 

Weight of element A _ Atomic weight x No. of atoms of A 
in compound B of element A per molecule of B 

Therefore 


No. of atoms of element A Percentage of element A in compound B 
in 1 molecule of compound B - Atomic weight of element A- 


Thus, in the case of calcium carbonate 


No. of atoms of calcium per _ Percentage of calcium 40 
molecule of calcium carbonate ~~ Atomic weight of calcium = 40 = 

Similarly 



1 7 

No. of atoms of carbon per molecule of calcium carbonate * — 
And 


= 1 


° / ,^Q* of atoms of oxygen per molecule of calcium carbonate = — 

^-A 16 



\-7 
•1 V. 


;Tpre, the ratio of the atoms of calcium: carbon: oxygen are 1 
•Mjvords, the formula of calcium carbonate is CaCO s . 


1:3 
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VALENCY (OR VALENCE) 

Elements with more than one valency. From Table 1, it will have been 
noted that a number of the elements are capable of exhibiting more than 
one valency. This fact has already been implied in the Law of Multiple 
Proportions. Thus, for example, iron forms two complete series of 
compounds as follows— 


- 4n. 1 ...- -- ■ ■ — 

Compounds in which Iron 
Exhibits a Valency of Two 
(Ferrous Compounds) 

Compounds in which Iron 
Exhibits a Valency of Three 
(Ferric Compounds) 

Ferrous oxide FeO 

Ferrous chloride FeCl 2 

Ferrous hydroxide Fe(OH) 2 
Ferrous sulphate FeSO., 

1 Ferric oxide Fe 2 0 3 

Ferric chloride FeCl 3 

Ferric hydroxide Fe(OH) 3 

Ferric sulphate Fe 2 (S0 4 ) 3 


Similarly, phosphorus forms two series of compounds in which it 
exhibits valencies of three and five respectively. 


Compounds in which Phosphorus 

Compounds in which Phosphorus 

Exhibits a Valency of Three 

Exhibits a Valency of Five 

Phosphorus trioxide P 2 O a 

Phosphorus pentoxide P 2 0 5 

Phosphorus trichloride PC1 3 

Phosphorus pentachloride PC1 5 


A few compounds occur in which one element exhibits exceptional valency. 

For example, nitrogen normally exhibits a valency of three or five, but 

there are three oxides of nitrogen with the formulae, N 2 0, NO, and N0 2 , 

in which nitrogen exhibits valencies of one, two, and four respectively. 

These compounds, however, are single compounds and no series of 

compounds are formed in which nitrogen exhibits valencies of one, two, 
or four. 

Given the formula of a chemical compound its percentage composition 
may be calculated. The following example illustrates the method involved. 

Atomic weight y No. of atoms of element A x 100 

Percentage of element _ of element A _j3er molecule of B 

A in compound B Molecular weight of compound B 

Thus, in the case of sodium chloride (NaCl)— 


and 


Percentage 6odlum * 
Percentage chlorine = 


23 x 1 x 100 
(23 + 35*5) ~ 
35-5 x 1 x 100 
(23 + 35*5) 


39-4 


= 60-6 
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Similarly, in the case of ferric oxide (Fe 2 0 3 )— 

56 x 2 x 100 

Percentage iron = - x + (16 x 3) 


70 


and 


16 x 3 x 100 

Percentage oxygen « x 2) + (16 x 3) 


= 30 


CHEMICAL EQUATIONS 

Chemical equations are condensed statements in terms of atomic weights 
in which chemical symbols and formulae represent the reactions of chemical 
substances. 

Thus, the statement 

Magnesium + Oxygen = Magnesium oxide 

(2 X 24-32 parts by (2x16 parts by (2 x 40-32 parts by 

weight) weight) weight) 

may be written in the form of the following chemical equation— 

2Mg + 0 2 = 2MgO 

In this chemical equation all the implications of the previous statement of 
words are conveyed with precisely the same quantitative meaning by the 
symbols and formulae. 

Again the following statement, 

Sodium chloride + Silver nitrate = Silver chloride | + Sodium nitrate 
may be rewritten thus— 

NaCl -f AgNO a = AgCl j + NaN0 3 

The use of the arrow, thus |, indicates that the substance quoted imme¬ 
diately before this sign is precipitated as a result of the chemical reaction 
which the chemical equation depicts. Similarly, an arrow used thus t > 
indicates the evolution of a substance as a gas. 

A group of atoms which acts as a group or unit in a chemical reaction 
is known as a radical. Thus, in the case of silver nitrate, AgN0 3 , the 
group “N0 3 ” is known as the nitrate radical, and in ammonium chloride, 
NH 4 C1, the group “NH 4 ” is termed the ammonium radical. 

The number placed in front of a symbol or formula of a substance 
indicates the number of molecules of that substance which react, whilst 
the number placed as a subscript after the symbol of an element indicates 
the number of atoms of that element in a molecule. Thus, the symbol O a 
indicates one molecule of oxygen containing two atoms of oxygen, whilst 
2Fe 2 O s indicates two molecules of ferric oxide, each molecule containing 
two atoms of iron and three atoms of oxygen. 
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The Writing of Chemical Equations. Three stages are involved in the 

writing of chemical equations, namely— 

(a) The names and molecular formulae of the reactants, and of the 

products, are ascertained. 

(b) The molecular formulae of reactants and products are written down 
in skeleton form, with the formulae for the reactants on the left and the 
products on the right. 

(c) The skeleton equation is balanced (or adjusted). 

These steps may be traced in the following example— 

(i) Iron and oxygen combine to form ferric oxide, and the molecular 
formulae for these substances are Fe, 0 2 and Fe 2 0 3 . 

(ii) The skeleton equation for the reaction involved is 

Fe 4- 0 2 = Fe 2 0 3 

(iii) This skeleton equation is then balanced as follows; working back 
from the largest formula (i.e. Fe 2 0 3 ), it is clear that the only way to obtain 
oxygen atoms in threes is to take six oxygen atoms (i.e. 30 2 ). This gives 
two molecules of ferric oxide (i.e. 2Fe 2 0 3 ). In turn, this requires four 
atoms of iron (i.e. 4Fe). Therefore, the balanced equation is 

4Fe + 30 2 = 2Fe 2 0 3 

Calculations Involving Chemical Equations. Equations are invaluable as 
a means of calculating the weight of a product obtained from given weights 
of reactants or, alternatively, the amount of materials necessary to obtain 
a certain weight of product. 

Thus, for example, it may be required to calculate what weight of 
hydrogen is produced by the action of sulphuric acid upon 28 lb of zinc. 
In such a calculation the following steps should be followed. 

(a) Write down the chemical equation representing the reaction involved, 
in this specific case— 

Zn + H 0 SO 4 = H 2 ZnS0 4 

( b ) Write in underneath each formula or symbol the reacting weights 
involved, thus— 

Zn + H 2 S0 4 = Ho + ZnS0 4 

(654) (2) 

Notes: Atomic weight of zinc is 65-4. 

Atomic weight of hydrogen is 1 (in round figures), and since one molecule of 
hydrogen is evolved (i.e. two atoms), the molecular weight of hydrogen is 
required in this calculation, that is, 2. 

(c) State the reacting weights of the substances as follows— 

65-4 parts by weight of zinc acted upon by sulphuric acid evolve 
2 parts by weight of hydrogen. 
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Therefore, 

65*4 lb of zinc acted upon by sulphuric acid evolve 2 lb of hydrogen. 
So that, 

2 x 28 

28 lb of zinc acted upon by sulphuric acid would evolve -lb 

of hydrogen = 0-858 lb of hydrogen. ^5-4 

Note: The reacting weight of sulphuric acid is not introduced into the 
calculation. 


EQUIVALENT WEIGHTS 

All the elements except the inert gases are capable of entering into 
chemical combination with one another. In the formation of chemical 
compounds the elements are only capable of reaction together in certain 
definite proportions. For the purpose of evaluating these combining 
weights it is usual to determine the weight of an element which will 
combine with or displace a standard weight oT a standard element. The 
standard element employed is oxygen, and the standard weight is 8 g 
of oxygen. 

Thus, 1-0078 g of hydrogen will combine with 8 g of oxygen and 1-0078 
is known as the equivalent weight of hydrogen. Similarly, since 35-46 g 
of chlorine will combine with 1-0078 g of hydrogen, 35-46 g must be the 
equivalent weight of chlorine. Similarly since 107-88 g of silver will 
combine with 35-46 g of chlorine to form silver chloride, the equivalent 
weight of silver is 107-88. 

When equivalent weights are reported in grammes it is usual to refer 
to them as gramme equivalent weights. 

Although each element may possess only one atomic weight, most 
elements exhibit more than one valency. And since 

Equivalent weight x Valency = Atomic weight 

it follows that all elements exhibiting more than one valency will likewise 
possess more than one equivalent weight. 


Determination of Equivalent Weights 

It will be appreciated that the determination of equivalent weights is of 
fundamental importance both by virtue of their practical application to 
quantitative operations, such as chemical analysis, and also as a basis for 
the determination of atomic weights. 

A number of methods are available for the determination of equivalent 
weights and they may be classified as shown below. 

(1) Hydrogen displacement from an acid or an alkali 

(2) Oxide methods 

(3) Chloride method 
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(4) Chemical replacement method 

(5) Electrolytic method 

(6) Conversion method 

(7) Formation of the hydride 

(8) Titration method 

Hydrogen Displacement from an Acid or an Alkali. This method is 
especially suitable for such metals as magnesium, zinc and aluminium, 
which will act upon acids and alkalis giving rise to the evolution of 



Fig. 3. Determination of Equivalent Weight by Displacement 

of Hydrogen from an Acid or an Alkali 


hydrogen. The following chemical equations represent the reactions which 
occur. 


Mg + 2HC1 = MgCl 2 + H 2 
Zn + H 2 S0 4 = ZnS0 4 + H 2 
Zn + 2NaOH = Na 2 Zn0 2 + H.> 
2A1 + 6NaOH = 2Na y A10 3 + 3H 2 


The general principle of this method is that a known weight of the metal 
whose equivalent weight is required is allowed to act upon an excess of a 
selected acid or alkali, the hydrogen evolved being collected and its volume 
measured. Knowing the volume of the hydrogen under specific atmos¬ 
pheric conditions, the weight of the hydrogen is then calculated, this latter 
gure in conjunction with the known weight of the metal permitting the 
evaluation of the equivalent weight of the metal. b 

A suitable apparatus for carrying out this determination is shown in 
g. 3. In the first instance, the known weight of metal is contained within 

test r m£ 10 o fl mu k ’ A ' the eXCeSS ° f acid or of alkali bein g contained in the 
si tune, B. The reaction flask is connected by means of a delivery tube, 
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C, to the storage bottle, D, which is filled with water. Another delivery 
tube, £■, permits of water to be driven from the storage bottle into the 
graduated cylinder, G. For the purpose of operation the known weight of 
the metal is placed in the reaction flask and an excess of acid (or of alkali) 
poured into the test tube which is maintained in the upright position by 
means of a cotton thread, which is clamped between the neck of the flask 
and the rubber bung. The tap, F, is opened and gentle suction applied to 
the open end of the delivery tube, E. A small volume of water flows out 
of the tube, but if the apparatus is air-tight this flow should quickly cease. 
The graduated cylinder, G, is then placed into position, the reaction flask 
tilted to permit of the the mixing of the metal and acid (or alkali), the 
flexible rubber connecting tube, //, making this movement possible. 
Hydrogen is liberated which passes along the delivery tube, C, and dis¬ 
places water from the storage bottle into the graduated cylinder in which 
it can be measured. This volume of water expelled from the storage bottle 
represents the volume of hydrogen evolved in the reaction flask. The 
method of calculation of the equivalent weight from data obtained as 
described above will be apparent from the following numerical example. 

= 0 03 g 

= 30-5 ml 
= 10-5 mm 

30-5 x (750-5- 10-5) x 273 
“ 760 x (273 + 12) m 

= 28-5 ml 
0-09 g 

0 00009 x 28-5 g 

0-03 x 1-008 
0-00009 x 28-5 

= 11-79 

Oxide Methods. Three oxide methods are available for the determination 
of equivalent weight; they are respectively— 

(a) Direct chemical combination of the element and oxygen, to form 
the oxide of the element; 

C b ) Indirect formation of the oxide via an intermediate compound such 
as a nitrate; and 

(c) Reduction of an oxide to the element. 

These three methods will be discussed in the order named. 

Direct Synthesis of Oxide. The principle of this method will be illus¬ 
trated by reference to the element carbon. 


Now, 1 litre of hydrogen at S.T.P. weighs = 
Therefore, weight of 28-5 ml of hydrogen = 

Thus, equivalent weight of the metal = 


Weight of metal 

Volume of moist hydrogen measured at 
12°C and 750-5 mm pressure 

Pressure of water vapour at 12°C 

Therefore, volume of dry hydrogen at 
S.T.P. 
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If a known weight of carbon is burnt in an excess of pure, dry oxygen it 
will form the gaseous oxide, carbon dioxide, C0 2 . This oxide may be 
weighed by absorption in a reagent such as potassium hydroxide solution 
contained within a suitable vessel, the vessel being weighed before and 
after absorption. A suitable apparatus for this determination is shown in 
Fig. 4. Pure dried oxygen is allowed to enter, through the leading tube, L, 
into the combustion tube, A, a known weight of carbon being contained 
on the combustion boat, B. The remaining part of the combustion tube 
contains granulated cupric oxide. This cupric oxide is for the purpose of 
oxidizing traces of carbon monoxide which may be formed along with 
carbon dioxide. The whole length of the combustion tube and its contents 
are heated. The exit gases consisting of carbon dioxide and excess oxygen 



Fig. 4. Determination of Equivalent Weight by 

Direct Synthesis of Oxides 


pass from the combustion tube into the potash bulbs, P> containing potas¬ 
sium hydroxide solution. These bulbs are capable of being disconnected 
from the apparatus for the purpose of weighing, and they are weighed 
before and after combustion of the carbon has occurred. A safety trap 
to prevent the entrance of moisture and carbon dioxide from the air into 
the potash bulbs takes the form of a calcium chloride drying tube, D. 

From the known weight of carbon oxidized and the experimentally 

determined weight of carbon dioxide, the equivalent weight is then 
calculated. & 

Indirect Synthesis of Oxide via an Intermediate Compound. This method 
is especially useful for metals like magnesium or zinc which form readily 
volatile oxides on direct union with oxygen, or for metals like copper, tin 
and lead which only form oxides at a slow rate on direct union with oxygen. 

The most common intermediate compound is the nitrate. All the 
metals quoted above, except tin, will readily form nitrates, when acted 
upon by nitric acid; tin forms a stannic acid. On heating, all these com¬ 
pounds break down, giving rise to the corresponding oxides. It is thus a 
simple matter to take a known weight of the metal concerned, act upon it 
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with an excess of nitric acid and then evaporate the solution thus formed to 
dryness, and finally heat the metal nitrate (or stannic acid in the case of 
tin) to red heat until a constant weight is obtained. This final weight, that 
is the weight of the metal oxide, thus permits, in conjunction with the 
known initial weight of metal, of the evaluation of the equivalent weight of 
the metal. 

Reduction of an Oxide to the Element. This modification is particularly 
suitable for those oxides which are easily reduced by the chemical action 
of hydrogen or of carbon monoxide, or of coal gas. 

A suitable apparatus for this determination is shown in Fig. 5. A known 
weight of the metal oxide is contained within the combustion boat, A , the 



Fig. 5. Determination of Equivalent Weight by Reduction 

of an Oxide to the Element 


boat and its contents being contained within the combustion tube, B. The 
combustion tube and its contents are heated to red heat. A reducing gas 
(e.g. hydrogen, carbon monoxide or coal gas) is allowed to enter the 
combustion tube via the leading tube, C. An excess of the reducing gas is 
employed, the excess being burnt at the end of the delivery tube, D. The 
reducing gas passing over the heated metal oxide reduces it to the metal. 
The reducing gas is passed until the contents of the combustion boat 
attain a constancy of weight thus indicating that reduction is complete. 
Then, knowing the original weight of the metal oxide and the.experiment- 
ally determined weight of the metal, the equivalent weight of the metal may 
be calculated. , 

The following data will make clear the method of calculation. 

Experimental Determination of the Equivalent Weight of Copper 

Weight of cupric oxide, CuO = 1-000 g 

Weight of copper produced by reduction = 0-799 g 

Weight of oxygen combined with 0-799 g of copper = 1-000—0-799 g 

= 0-201 g 

0-799 x 8 
~ 0-201 
= 31-8 g 


Therefore, gramme equivalent weight of copper 


a 
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Chloride Method. This method is particularly suitable for those elements 
which form soluble chlorides. The method depends for its success upon 
the fact that silver chloride is practically insoluble in water, and that 
silver may, without undue difficulty, be obtained in a high degree of 

PU The principle involved in this method will be exemplified by means of 
the following example. Suppose it is desired to determine the equivalent 
weight of the element, X, which forms a chloride readily soluble in 

water. . , . 

A small quantity of the pure chloride is weighed out, dissolved in a 

minimum quantity of distilled water and the solution acidified with a 

little nitric acid. Silver nitrate solution is then added until no further 

precipitation occurs. The precipitated silver chloride is then filtered, 

washed, dried and weighed. 

The chemical reaction which occurs on addition of the silver nitrate is as 
follows— 

XC1 + AgN0 3 = AgCl | + XN0 3 


The equivalent weight of the chloride, XC1 is that weight of this compound 
which will produce 143*34 g of silver chloride. This weight is the sum of 
the equivalent weights of silver and chlorine respectively (i.e. 107*88 -f 
35*46). Since the equivalent weight of the chloride XC1 is the sum of 
the equivalent weights of the element X and chlorine respectively, then 
the equivalent weight of X may be obtained by subtracting 35*46 from the 
equivalent weight of XC1. 

In the case of certain elements it has been found preferable to precipitate 
silver bromide instead of the silver chloride. The former compound like 
the latter is well known for its exceedingly low solubility in water. 

Chemical Replacement Method. This method depends upon the fact 
that certain metals (e.g. zinc) will displace other metals (e.g. copper) from 
aqueous solutions of their salts. 

Thus, for example, the addition of metallic zinc to an aqueous solution 
of cupric sulphate gives rise to the precipitation of metallic copper and the 
formation of zinc sulphate which remains in solution. The reaction 
involved is as follows— 


CuS0 4 + Zn = Cu | -f- ZnS0 4 

The method thus involves the use of a known weight of metallic zinc which 
is added to the aqueous solution of the salt of the metal whose equivalent 
weight it is required to determine. The metal is thrown out of the solution 
as a precipitate which is filtered, washed, dried and then finally weighed. 
The method of calculation will be clear from the following example in 
which the equivalent weight of copper is determined. 

2—(T.447) 
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Numerical Example 

Weight of zinc foil 

Weight of copper precipitated 

Given that the equivalent weight of zinc 

Therefore, the equivalent weight of copper 


Electrolytic Method. This method involves the application of Faraday’s 
Law of Electrolysis. 

Faraday discovered that the same quantity of electricity passing through 
solutions of different electrolytes* liberates weights of elements propor¬ 
tional to their equivalent weights. Thus, the quantity of electricity which 
leads to the liberation of 1-0078 g of hydrogen from dilute sulphuric acid 
will also liberate 8 g of oxygen, or 31-8 g of copper, or 107-88 g of silver, 
or 65-7 g of gold from their respective compounds. These weights are 
the equivalent weights for the elements quoted. 

Therefore, knowing the weight of one element liberated by electrolysis 
and its equivalent weight, the equivalent weight of another element 
liberated in the same time and in the same circuit may be calculated. 

Conversion Method. This method involves the quantitative conversion of 
one compound into another. Thus, by repeated treatment of potassium 
chloride, KC1, with nitric acid, HNO s , the compound, potassium nitrate, 

KNO3, may be formed. The chemical reaction involved is represented by 
the following equation— 

^ KC1 + HN0 3 = KN0 3 + HC1 

This method may be used, for example, to determine the equivalent 
weight of nitrogen. 

Since the equivalent weights of potassium, chlorine and oxygen are all 
known with a considerable degree of precision, then 

Equivalent weight of potassium 
Weight of potassium c hloride chloride 

Weight of potassium nitrate ~ Equivalent weight ofpotassium 

nitrate 

Thus, the equivalent weight of potassium nitrate may be evaluated, and 

since this is equal to the sum of the equivalent weights of potassium, 

nitrogen and oxygen respectively, and since those for potassium and oxygen 

are known, then it becomes a simple matter of arithmetic to evaluate the 
equivalent weight of nitrogen. 

* The term electrolyte will be discussed more fully later (see p. 238). 


= i-oo g 

= 0-97 g 

= 32-7 

0-97 x 32-7 
1-00 

= 31-8 



equivalent weights 


25 


Formation of the Hydride. This method is similar to the other methods 
described and finds greatest application in connexion with the non- 
metallic elements. 

Titration Method. All acids contain replaceable hydrogen, that is, 
hydrogen which may be replaced by a metal. 

This method involves the employment of a known excess of an acid to 
which is added a known weight of the metal whose equivalent weight is 
desired. The metal dissolves in the acid, liberating hydrogen in the 
process and also forming the metallic salt which remains in solution. The 
excess of the acid is determined by addition of a solution of an alkali of 
known concentration until the whole of the residual acid has been neutral¬ 
ized, the production of the neutral condition being made evident by means 
of a colour change of a suitable compound termed an indicator. Knowing 
the concentration of the alkali used, and the volume required to effect 
neutralization, and also knowing the concentration of the acid and initial 
volume, and the weight of the metal dissolved, it is possible to evaluate 
that volume of the acid required to dissolve the metal. The weight of 
hydrogen in this volume of acid may then be easily calculated and the 
equivalent weight of the metal evaluated. 



CHAPTER 2 


THE DETERMINATION OF MOLECULAR AND 

ATOMIC WEIGHTS 

From a knowledge of the laws governing the manner in which the elements 
combine together, both on the weight basis as well as on the volume 
basis, it is possible to pass on to the determination of molecular and atomic 
weights. 

DETERMINATION OF MOLECULAR WEIGHTS 

Methods for the determination of the molecular weight of a substance 
may be classified as follows— 

(< 3 ) Methods in which the molecular weight is calculated from determina¬ 
tions of the density of the vapour of the substance. 

(b) Methods in which the molecular weight is calculated from determina¬ 
tions of such properties as osmotic pressure, vapour pressure, freezing 

point and boiling point of a solution of the substance under investigation 
in a suitable solvent. 

It is important to appreciate at the outset that the numerical value of 

the molecular weight of the substance as determined independently by 

both methods will not necessarily be the same. This is due to the fact that 

the molecules of the substance may undergo dissociation into simpler 

compounds or into atoms having lower molecular weights, or alternatively 

association into double or more complex molecules of higher molecular 
weight. 

It will be more convenient here to discuss only those methods of molecu¬ 
lar weight determination which involve measurements of vapour density, 
the consideration of the determination of molecular weights in solution 

being deferred until later, when solutions and their properties are discussed 
in detail in Chapter 8. 

Determination of Molecular Weight from Measurements of 

Vapour Density 

The atomic and molecular weights of a volatile solid or liquid element or 
compound may be calculated from the density of its vapour. The vapour 
density of a volatile substance is the weight of a given volume of vapour 
compared with the weight of an equal volume of hydrogen measured under 
the same conditions of temperature and pressure. 

Three general methods are available for the determination of the density 
of a vapour; they are Dumas’ method, Victor Meyer’s method and 
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Hofmann’s method respectively. In Dumas’ method the weight of a 
known volume of the vapour of the substance at known temperature and 
pressure is determined, whilst in Victor Meyer's method and in Hofmann's 
method a determination is made of the volume at known temperature and 
pressure of a given weight of the vapour of the substance. 

It should be noted that, owing to the experimental difficulties which 
obtain when employing these methods, it is only possible to obtain an 
approximate value for the molecular weight; nevertheless, these results 
are most valuable since they may be employed to evaluate the exact 
molecular weight of a volatile substance. 



Fig. 6. Dumas’ Method for the Determination 

of Vapour Density 


Dumas’ Method. This method permits of a fair degree of accuracy but 
necessitates the use of a comparatively large volume of the substance 
under investigation. 

About 10 ml of the liquid under investigation is drawn into a thin- 
walled glass bulb, of about 150 ml capacity, by warming the bulb slightly 
and then allowing it to cool with the tip of the capillary tube placed below 
the surface of the liquid under investigation. The bulb and its contents 
are then fixed in place in a thermostat at a temperature sufficiently high 
to cause the liquid under investigation to boil (see Fig. 6). The vaporizing 
of the liquid causes the air originally in the bulb to be expelled. As soon 
as the vapour ceases to stream from the capillary, the tip of the capillary 
is sealed off, and the bulb cooled and then weighed. The tip of the capillary 
is broken °ff under water which enters until the bulb is completely full. 

Vl! b 1S then wei g hed ful1 of water alon g with the piece of the tip broken 
on. The method of calculation will be evident from the example shown 
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Determination of the Molecular Weight of Carbon Disulphide 
Weight of water contained in Dumas* bulb = 104 g 

Therefore, volume of bulb = 0-104 litres 


Weight of carbon disulphide 


= 0-26 g 


Therefore, under the experimental conditions prevail¬ 
ing, 0-104 litre of carbon disulphide weighs 


0-26 g 


And under the same experimental conditions 22-4 litres 
of carbon disulphide (i.e. the gramme molecular 
volume) weigh 


0-26 x 22-4 
0-104 




t 


HEAT 

Fig. 7. Victor Meyer’s Method for the 
Determination of Vapour Density 


= 76-2J 

This result gives the order of 
magnitude of the molecular weight 
of carbon disulphide so that on 
introducing atomic weights into 
the empirical formula, CS 2 for 
carbon disulphide, the exact mole¬ 
cular weight of 76 may be evaluated. 

Victor Meyer’s Method. This 
method, although less accurate 
than Dumas’ method, has the 
advantage that it is very rapid. If 
it is merely a question of deciding 
the relationship existing between 
empirical and molecular formulae, 
this method is usually sufficiently 
accurate. 

A measurement is made of the 
volume of air displaced by the 
vaporization of a known weight 
of volatile liquid or solid. The 
apparatus consists essentially of 
a long glass tube, A , having a 
bulb, B , blown on one end {see 
Fig. 7). The substance under in¬ 
vestigation is contained within a 


small glass bottle which is dropped 
down the long glass tube which fits into an outer jacket, C, containing 

water or some other liquid having a boiling point above the boiling point 
of the liquid under investigation. 

The liquid in the outer jacket is raised to boiling point, the attainment 
of a steady temperature being indicated by the cessation of air bubbles 
issuing from the side tube, D (the stopper, E, being meanwhile inserted 
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in the top of the long glass tube). The graduated measuring cylinder, F, 
is then filled with water, inverted and placed over the open end of the side 
tube; the small glass bottle, G, containing a known weight of substance is 
dropped down the long glass tube, A (the stopper, F, being momentarily 
removed for this purpose). The fall of the small glass bottle is broken by 
a pad of asbestos placed at the bottom of the long glass tube. The liquid 
in the bottle being raised to a temperature above its boiling point immedi¬ 
ately vaporizes, blows off the small stopper and the vapour fills the lower 
portion of the bulb, expelling air in the process. The air thus displaced is 
collected in the graduated tube, F. When no more bubbles of air issue 
from the side tube the volume of air is measured and the temperature and 
pressure of the room noted. The volume of air actually measured is the 
volume the vapour would have occupied at the room temperature and 
pressure. The following example illustrates the method of calculation. 


Determination of the Molecular Weight of Chloroform 


Weight of chloroform taken 

Volume of expelled moist air measured 
at 15°C and 773 mm 

Vapour pressure of water at 15 c C 


= 01 g 


Therefore, volume of dry air at S.T.P. = 


= 20 0 ml 
= 13 mm 

20 x 273 x (773 - 13) 
288 x 760 


ml 


= 18-95 ml 

This is also the volume occupied by the chloroform vapour. 

Then, weight of 18-95 ml chloroform 
under the experimental conditions 
obtaining 

Therefore, weight of 22-4 litres of chloro¬ 
form (i.e. the gramme molecular vol¬ 
ume) under the same experimental 
conditions 


= 0-lg 


0-1 x 22-4 x 1000 


18-95 


g 


= 118-1 g 


This result gives the order of magnitude of the molecular weight of chloro¬ 
form, so that on substituting atomic weights in the empirical formula, CHCk, 
the exact molecular weight of 119-5 is obtained. 


Hofmann’s Method. In Hofmann’s method a known weight of volatile 

liquid contained within a small stoppered tube (which the liquid must fill 

completely), is introduced into the vacuum above the mercury column in a 
barometer (see Fig. 8). 

The barometer tube, A , is enclosed within a vapour jacket, B, through 
which steam circulates. The vapour is circulated through the jacket until 
conditions are stable when the specimen tube, C, containing a known 
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weight of liquid is introduced into the open end of the barometer tube 
below the mercury surface. The tube and its contents float up the baro¬ 
meter tube to the surface of the mercury where the internal pressure of the 
vapour established by the elevated temperature is sufficient to expel the 

stopper and the vapour of the liquid 
fills the space above the mercury. The 
barometer tube is graduated so that 
when the mercury level is stationary 
the volume of the vapour and its 
temperature and pressure can be read 
off. The method of calculation is 
similar to that employed in the pre¬ 
vious two numerical examples. 

Abnormal Vapour Densities. In 
general, the values for molecular 
weights derived from measurements 
of vapour densities are in agreement 
with the values obtained from other 
considerations. This of course im¬ 
plies that the chemical constitution 
of the vapour is the same as that of 
the solid, or of the liquid from which 
it was derived. This assumption, 
however, is not always valid. 

For example, the compound 
ammonium chloride, which has the 
formula NH 4 C1, has the molecular 
weight of 53-46 from which, follow¬ 
ing the implications of Avogadro’s 
Hypothesis, the vapour density would 
be expected to be 53-46/2, that is 
26-73. In actual fact, however, the 



Steam Out 


Fig. 8. Hofmann's Method for the 
Determination of Vapour Density 


vapour density is found to be 13-36 (which, it should be noted, is half 
26-73). 

Experiment has shown that ammonium chloride undergoes breakdown 
on heating according to the following reaction. 


NH 4 C1 ^ NH 3 + HC1 

When the vapour of ammonium chloride is cooled, the products of the 
breakdown (i.e. ammonia and hydrogen chloride) recombine to form 
ammonium chloride. This type of reaction, reversible in nature, brought 
about by heating (or cooling) a substance, is known as thermal dissociation. 
If as a result of thermal dissociation each molecule of ammonium chloride 
gives rise to the production of equal numbers of molecules of ammonia 
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and hydrogen chloride, then there will be produced equal volumes of 
ammonia and hydrogen chloride, and the mixture ol these two gases will 
have a density half way between the densities of ammonia and hydrogen 
chloride, 8-5 and 18*23 respectively, that is, (8*5 + 18*23)/2 = 13*36. This 
particular reaction, therefore may be depicted as follows— 

Rise in temperature 

NH 4 C1 *=--- NH 3 + HC1 

Fall in temperature 

Ammonium chloride is not unique since there are many substances which 
undergo thermal dissociation; for example, nitrogen tetroxide, N 2 0 4 , 
undergoes dissociation into nitrogen peroxide, NO.,, on heating which, in 
turn, at still higher temperatures, dissociates into nitric oxide, NO, and 


oxygen as follows— 



n 2 o 4 

^ 2N0 2 ^ 

2NO 4* 0 2 

yellow liquid 
at 20°C 

dark brown gas 

colourless gases 

at 40’C 

\ 


Similarly, phosphorus pentachloride, PC1 5 , undergoes thermal dissociation 
on heating, thus— 

PC1 5 ^ PC1 3 + Cl 2 

Also, hydrogen iodide dissociates in a similar manner— 

2HI ^ H 2 + I 2 

It is important to observe that thermal dissociation differs from thermal 
decomposition in that the former is reversible in nature, whilst the latter 
is irreversible. 

Degree of Thermal Dissociation and its Evaluation. In many cases 
thermal dissociation is not complete and a state of equilibrium is established 
in which the proportion of each substance present is dependent upon the 
temperature and upon the pressure. 

Should a substance undergo partial thermal dissociation , it is possible to 
calculate the extent or degree of dissociation from data obtained from an 
experimental determination of vapour density.* 

The degree of thermal dissociation is defined as the fraction of one 
molecule of the original substance which has undergone dissociation. The 
degree of dissociation is often designated by the symbol, a. The method of 
calculation will be made evident by the following examples. 

Example 1. Thermal Dissociation of Nitrogen Tetroxide 

Let n molecules of nitrogen tetroxide be heated at constant pressure, and 
let the fraction of each molecule dissociated be a. Then, when equilibrium is 

.*. Thls calculation is Possible only provided that the dissociation involves a change 
the number of molecules in the system. The full implications of this statement will 
oe discussed more fully later (see p. 225). 
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attained there will be n(\ — a) molecules of nitrogen tetroxide, and 2rtct mole¬ 
cules of nitrogen peroxide, thus— 

N 2 0 4 ^ 2N0 2 

n( 1 — a) 2ncc 

This equation may be reduced to its lowest terms as follows— 

N 2 0 4 ^ 2N0 2 

(1 - a) 2a 


Thus, the total number of molecules present in the equilibrium mixture 
is (1 - a) + 2a = 1 + a. 

Since the pressure is maintained constant the volume will increase in the 
ratio of 1/(1 + a), or conversely, the vapour density will decrease in the ratio 
of 1/(1 + a). In other words, if d represents the density of the equilibrium 
mixture, and D the vapour density of nitrogen tetroxide, then— 



D 

-—:— and a = 

1 -f- a 



Example 2. Thermal Dissociation of Nickel Carbonyl 

On heating, nickel carbonyl, Ni(CO) 4 , undergoes thermal dissociation 
according to the following equation— 

Ni(CO) 4 ^ Ni + 4CO 

Employing the same procedure as in the case of Example 1, assuming that 
initially there are n molecules of nickel carbonyl and that the fraction of each 
molecule undergoing dissociation is a, then in the equilibrium mixture there 
will be n(l — a) molecules of nickel carbonyl and 4«a molecules of carbon 
monoxide. Since the nickel is precipitated as a solid, its volume may be 
neglected in this calculation. The equilibrium condition may be represented 

Ni(CO) 4 ^ Ni 4- 4CO 

n{ 1 — a) 4ncc 

Reduced to its lowest terms this equation becomes— 

Ni(CO) 4 ^ Ni + 4CO 
(1 — a) 4a 

Thus, the total number of molecules present in the equilibrium mixture is— 

(1 — a) + 4a = 1 + 3a 


Resulting from the thermal dissociation, the vapour density will decrease 
in the ratio of 1/(1 -f- 3a). 

In other words, if d represents the density of the equilibrium mixture, and 
the vapour density of nickel carbonyl is 85-35, then_ 

85-35 


85-35 — d 
3d 


and 


a = 
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In general, therefore, if x is the number of volatile molecules produced by 
the thermal dissociation of one molecule of the original substance, then— 

Vapour density of original _ Vapour density of 
Degree of substance equilibrium mixture 

Dissociation (* — i) x Vapour density of equilibrium mixture 

DETERMINATION OF ATOMIC WEIGHTS 

The accurate determination of the numerical value of the atomic weight 
of an element is dependent in the first instance on a knowledge either of 
the molecular weight, or of the equivalent weight of the element. Once 
either of these values is known, the determination of the correct sub¬ 
multiple in the case of the molecular weight, or the correct multiple in the 
case of the equivalent weight, is the only data required in order to evaluate 
the atomic weight of the element. 

Determination of Atomic Weight when the Molecular Weight is known 

By the Application of Avogadro’s Hypothesis. The approximate atomic 
weight of a gaseous element may be determined from vapour density 
measurements in conjunction with a knowledge of the atomicity of the gas. 
The atomicity of a gaseous element may be found by a consideration of 
suitable volume relationships which occur when the element in question 
combines with other elements. This method was discussed earlier on 
p. 10 when dealing with the implications of Avogadro's Hypothesis. 

Another method of determining the atomicity of a gaseous element 
involves the determination of the ratio of the specific heat of the gas at 
constant pressure to the specific heat at constant volume. This ratio, 
Cp/C vi or y, varies according to the atomicity of the gas under examination. 
Although for an ideal gas the value of y should be constant, for real gases, 
other than monatomic gases, the ratio varies considerably with variation 
of temperature and pressure. Nevertheless, for ordinary temperatures and 
pressures approximate working values are as follows. 


Atomicity of Gas 

Value of y 

Monatomic gases 

1-67 

Diatomic gases.... 

1-40 

Simple polyatomic gases 

1-30 


^nce the direct measurement of the specific heat of a gas presents con¬ 
siderable difficulties, the numerical value of y is usually determined by the 
measurement of the velocity of sound in the gas. The velocity of sound v 
m gas is given by the expression— 


v = 


Py 


( 1 ) 
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where P = pressure of the gas, d = density of the gas, y = ratio of 
specific heat at constant pressure to specific heat at constant volume. 

The relationship between the velocity of sound and the wavelength of 
the sound is given by the expression 

v = nl .(2) 

where v = velocity of sound, n = frequency of sound, l = wavelength of 
sound. 

Thus, nl = 



and therefore, 



n 2 l 2 d 
~ P 



The measurement of the frequency and wavelength of a note produced in 
a gas is usually made by a method introduced by Kundt and Warburg. 
For experimental details of this method reference should be made to a 
textbook of practical physics. 

By the Use of the Periodic Classification. The position of an element in 
the Periodic Classification as determined by a consideration of its proper¬ 
ties and the properties of its compounds often provides convincing evidence 
that the correct sub-multiple of the molecular weight has been employed. 
It is of interest to note that this method is entire y independent of Avo- 
gadro s Hypothesis, but at the same time it provides one of the strongest 
pieces of evidence of the validity of that Hypothesis. The Periodic 
Classification will be discussed in more detail later (see p. 38). 


Determination of Atomic Weight when the Equivalent Weight is known 

Cannizzaro’s Method for Elements which Form a Large Number of 
Gaseous or Readily Volatile Compounds. Cannizzaro stated that the atomic 
weight of an element was the smallest weight of that element contained in 
the molecular weight of any of its compounds. 

Since the molecular weight, as evaluated from measurements of vapour 
density, is not exact, the atomic weight calculated from the molecular 
weight will not be exact. It is, therefore, important to appreciate that the 
exact atomic weight is the simple multiple of the equivalent weight which 
most closely approximates to the value of the atomic weight calculated 
from vapour density measurements. The method of calculation is illus¬ 
trated by reference to the element carbon as shown opposite 

, Jc e e ,‘j U ' VaIent u Wei | ht Carbon is 3 00 ’ therefore, it is clear that since 
the smallest weight of carbon found in 1 g molecular weight of any of the 

^toftr q b U oTfs iam f0ll0Wing table iS 12 S’ then L ~act y atomic 
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1 

Compound of 
Carbon (either 
Gaseous or Readily i 

Volatilized) ! 

! 

I 

1 

Vapour 

Density 

Molecular 
Weight 
(Vapour 
Density 
x 2) 

Percentage of 
Carbon in 
Compound 

i 

Weight of Carbon 
in 1 g Molecular 
Weight of the 
Compound 
(grammes) 

Carbon dioxide . 

22 

44 

27-3 

12 

Carbon monoxide 

14 

28 

42-8 

12 

Methane . 

8 

16 

75-0 

12 

Ethylene . 

! 14 

28 

86-5 

24 

Acetylene . 

13 

26 

92-3 

24 

Chloroform 

60 

120 

1004 

12 

Di-ethyl ether . 

37 

74 

64-9 

48 


I 


Atomic 

Heat 



Dulong and Petit’s Method. Dulong and Petit (1819) found that for 
most solid elements the atomic heat (the product of the specific heat and 
atomic weight) is of constant value, approximately 6-4. This generalization 
is the so-called Law of Dulong and Petit. The chief exceptions to this rule 
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are the elements carbon, boron, beryllium and silicon with atomic 
heats, 1-35, 2-5, 3-5 and 4-7 respectively; these values are determined 
at 20°C. 

The atomic heats of all solid elements approach zero at absolute zero, but 
at elevated temperatures, which are different for differing elements, the 
atomic heat increases to a constant value (see Fig. 9). Du ong and Petit’s 
method has been utilized for the purpose of fixing atomic weights in a 
number of doubtful cases. Thus, the equivalent weight of uranium is 
39-75, and since a number of its compounds are similar to iron in their 
chemical reactions it was assumed that its valency was also three, and 
consequently its atomic weight was calculated to be 119-25. Mendeleeff, 
however, was unable to find a place in his Periodic Classification for an 
element with such an atomic weight, and he therefore proposed to adopt 
double this value, that is 238-5. At a later date the specific heat of uranium 
was determined to be 0 027, so the action of Mendeleeff in assuming for 
uranium an atomic weight of approximately 240 was justified. In a similar 
manner the atomic weight of indium was verified. 

In order to determine the approximate atomic weight of an element it is 
necessary therefore to measure the specific heat of the solid element in the 
temperature range within which the atomic heat is of constant value and 
then to divide 6-4 by this figure. In order to calculate the exact atomic 
weight a determination of the equivalent weight must also be made. The 
following example will help to make clear the method of calculation. 


Numerical Example 

It is required to calculate the atomic weight of copper whose specific heat 
is 0-09232 and equivalent weight is 31-785. 

6-4 = approximate atomic weight 

0 09232 of copper 

= 69-33 


By Dulong and Petit’s rule 


Valency = 


Atomic weight 69-33 


Equivalent weight 


31-785 

2-181 


The valency must, however, be a whole 
number and therefore the valency of 
copper 

However, atomic weight 

Therefore, exact atomic weight of copper 


= 2 

= Equivalent weight x Valency 
= 31-785 x 2 
= 63-57 


By the Application of the Law of Isomorphism. This method depends 
upon the fact that compounds of similar but not identical composition 
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crystallize in similar forms and that elements of similar chemical 
characteristics may replace one another in crystalline compounds (see 

p. 128). 

Compounds which crystallize in the same form are said to be isomor- 
phous and the phenomenon is termed isomorphism. For example, rubidium 
chloride is isomorphous with potassium chloride, so that since the 
molecular formula of potassium chloride is KC1, then that of rubidium 
chloride is RbCl and the atomic weight of rubidium can be calculated 
from the results of the chemical analysis of rubidium chloride. 



CHAPTER 3 


THE PERIODIC CLASSIFICATION OF THE 
ELEMENTS AND ATOMIC STRUCTURE 


One of the most valuable parts of chemical theory is the so-called Periodic 
Law. In its modern form this law states that the properties of the elements 
depend upon the structures of their atoms. This variation occurs in a 
periodic manner and involves a regular repetition of characteristic 



properties. Thus, for example, if atomic volume in the solid state (i e 

atomic weight/density) is plotted against atomic number as shown in 

Fig. 10, an unmistakable periodicity is exhibited. This periodicity is 

again apparent in the occurrence of the group of rare gases having atomic 

numbers 2, 10, 18, 36, 54 and 86, these gases all being outstanding for 
their lack of chemical reactivity. b 

The first systematic classification of the elements was made by 
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Ddbereiner in 1829. He pointed out that many chemically related elements 
formed well-marked groups of three or triads , the middle member of each 
triad having an atomic weight which was roughly midway between the 
other two. This is shown below— 


Element 

, Cl Br I 

Ca 

Sr 

Ba 

S 

Se 

Te 

Atomic weight . 

35-5 80 127 

40 

87 

137 

32 

79 

128 

Difference . 

44-5 47 | 

47 

50 



47 49 



In addition, Dobereiner pointed out that there were certain groups of 
three elements with more or less the same atomic weight, for example— 

Iron 55-85 

Cobalt 58-94 
Nickel 58-69 

This grouping of elements into trios was known as Dobereiner's Law of 
Triads. 

In 1859, Dumas went a step further and arranged certain elements into 
series (or groups) as shown below. It should be noted that the increments 
of atomic weight are no longer uniform in the same series, but are often 
the same for two or more separate series. 


N P As Sb 


Atomic weight 

Difference 

•1 14 

.| 

17 

31 

44 

75 

45 

120 


F 


Cl 


Br 


I 

Atomic weight 

Difference 

J 19 

• 

16-5 

35-5 

44-5 

80 

47 

127 


1 Mg 


Ca 


Sr 


Ba 

Atomic weight 

Difference 

. 24 

• 

16 

40 

47 

87 

50 

137 


Greater progress than this was hardly to be expected at the time since 
there was so much uncertainty as to the correct values for the atomic 
weights of the elements. In 1857 however, Cannizzaro drew the attention 
of chemists to Avogadro’s Hypothesis, proposed in 1811, by the applica¬ 
tion of which it was possible to fix the atomic weights so that the possibility 
existed for further progress in the classification of the elements 
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The first step in this direction was made by Newlands in 1863 when he 
proposed the Law of Octaves. Newlands found that if the elements were 
arranged in the order of their atomic weights the members of a given 
family of elements recurred at regular intervals, as in the case of octaves 
in the musical scale. Thus, the third element resembled the eleventh and 
nineteenth elements, and so on. Newland’s classification proved satis¬ 
factory, more or less for the first two octaves , but broke down after the 
twentieth element. Nevertheless, the underlying idea in Newland’s 
classification was a fundamental one. 


The next step was taken simultaneously, and independently, in 1871 by 
Mendeleeff and Lothar Meyer. These two workers proposed a table with 
eight vertical groupings and a number of horizontal rows or periods. 

In the modern version of the Periodic Table as shown opposite, the 
first period is of very short duration, containing only the two gases hydro¬ 
gen and helium; this period is followed by two “short periods” each 
containing eight elements, two ‘‘long periods” containing eighteen 
elements each, then a very long period of thirty-two elements, and finally 
an incomplete period. It will be noted that this modern version of the 
Periodic Table contains nine groups, not eight as proposed by Mendeleeff 
and by Lothar Meyer; this ninth group contains the inert gases and was 
added subsequent to the discovery of these inert gases in 1894 onwards. 

It is to be noted that in the case of three pairs of elements the order of 
increasing atomic weight has been reversed in drawing up the Periodic 
Table; these elements are argon and potassium, cobalt and nickel, and 
tellurium and iodine. This reversal of order is justified since in the naturally 
occurring specimens of these elements, the atomic weight of the naturally 
occurring mixture of isotopes is greater for the element of lower atomic 

weight in each of these pairs of elements than for the element of higher 
atomic weight. b 

The position of hydrogen is difficult to fix; it is sometimes placed in 
.roup L not because it is an alkaline element, but rather that placing it 
m any other group would be still more inappropriate. In Periods 4 5 6 
and 7 the groups are divided into two sub-groups, the a and b Sub-Groups. 
I he elements of Periods 2 and 3 usually resemble the elements of the same 

fh^ U u! n i eitWr p u *?-8 rou P a or Sub-group 6, but not both sub-groups. Thus 

ka k T 613 S ht , hlum and sodium strongly resemble the metals potas- 
sium, rubidium and caesium (three metals in the la Sub-group), but do 

lot very much resemble the three metals, copper, silver and gold (three 

Often Vr a I/j Sub ;S rou P)- The elements found in Periods 2 § and 3 are 
often referred to as “typical elements,” or elements in the “main group ” 

the niamT ™ manner *7° ty P ical elements fluorine and chlorine in 

odinTwhVh P m ° rt ; C l? ely resemblc the two elements bromine and 

maneanese'tw," ‘ ^ V Ib Sub_ S roup ' rather than the metallic elements 
ganesc, technitium and rhenium found in the Vila Sub-group. 
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Elements at the left-hand side and in the centre of the Periodic Table 
are metals, whilst those found on the right-hand side of the table are non- 
metals. Certain elements (e.g. boron, silicon, germanium, arsenic, anti¬ 
mony, tellurium and polonium) exhibit intermediate properties and 
constitute an intermediate zone; these elements are termed metalloids. 

Each of the long periods of the Periodic Table (Table 2) contains a 
group of ten elements which is often referred to as a “transitional series.” 
In such series there is a gradual change in properties from one element to 
the next, although such differences are less marked than those between 
successive typical elements in Periods 2 and 3. In general, the members of 
any one transitional series are characterized by a general similarity. 

Certain pairs of elements found in different groups of the Periodic Table 
are characterized by a general similarity in properties; thus, lithium resem¬ 
bles calcium, beryllium resembles aluminium, and boron resembles silicon. 
In each of these cases the second member of each pair possesses an extra 
electron in the outermost shell with a corresponding greater positive 
charge on the nucleus, so that it is less electropositive than the first 
member of the pair. On the other hand, the second member of each pair 
has the greater atomic volume and this renders the element more electro¬ 
positive. It thus follows that these two factors more or less offset one 
another with the result that although the valencies of the members of each 

pair are different, their general characteristics and those of their compounds 
are similar. r 

CATHODE RAYS AND POSITIVE RAYS 

Although, under normal conditions, air and other gases are regarded as 
poor conductors of electricity, at reduced pressures electrical conduction 
occurs more readily and is associated with a number of visible effects. 

If a high tension discharge is passed through a discharge tube under¬ 
going evacuation it is found that as the pressure is progressively reduced 
inside the tube, the glow', which at first surrounds the cathode, gradually 
detaches itself from this electrode, the space between the cathode and the 
glow being known as the “Crookes dark space.” As the pressure is further 
reduced the size of the Crookes dark space increases until, at a sufficiently 
low pressure (i.e. 0 01—0 001 mm of mercury), it occupies the whole of 
the tube. At this stage the glass wall of the discharge tube opposite to the 
cathode is found to fluoresce. This phenomenon of fluorescence is pro¬ 
duced by the cathode rays travelling in straight lines normal to the surface 
of the cathode (see Fig. 11), as may be demonstrated by the production of 
a shadow caused by interposing an opaque object between the cathode and 
the end of the discharge tube. These cathode rays also possess sufficient 

momentum to cause the rotation of a small paddle wheel placed inside the 
evacuated discharge tube. 

Sir J. J. Thomson showed that these cathode rays were electrically 
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charged since they were capable of being deflected by electrostatic or 
magnetic fields. As the cathode rays are projected from the cathode they 
must be negative in sign and this can be proved by allowing them to fall 
upon an insulated metal plate which then acquires a negative charge. 

It has been shown that cathode rays consist of extremely small, negatively 
charged particles expelled with a high velocity from the cathode. To these 
particles the name of electrons has been given. 

Using a deflection method Sir J. J. Thomson caused a stream of cathode 
rays to traverse a crossed electric and magnetic field and, by measuring 
the deflections produced, calculated the ratio of the charge of the electron, 
e, to the mass of the electron, /?/, as follows. If magnetic field of strength H 
is applied at right angles to the direction of the electron stream, then the 
magnetic force exerted on each electron is Hev if the charge on the electron 



Fig. 11 . Cathode Rays 

is e , the mass of the electron m and the linear velocity of the electron v. 
Under the influence of this magnetic force the electrons will describe a 
circular path of radius, r, in which the centrifugal force just balances the 
magnetic force, thus— 

Hev = niu 2 /r .(1) 

Therefore, e /m = r/Hr .(la) 

The radius of curvature r of the cathode ray stream when deflected by the 
magnetic field of strength H is capable of measurement, but before the 
ratio elm may be evaluated it is necessary to know the velocity of the 
electron stream, v. This may be calculated as follows. 

An electric field of strength X acts upon an electron with a force Xe. 
If both magnetic and electric fields are applied simultaneously, but in 
opposition, the electron stream will not suffer deflection provided that the 
magnetic and electric forces are equal. When this obtains. 


Therefore 


Hev = Xe 


v 




It is thus possible to determine the velocity of the electrons from the 
ratio of the strengths of the two fields, if expressed in suitable units. 
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It was found that the ratio, e/m, for the electron was the same no matter 
of what material the cathode was made, and no matter what the nature of 
the residual gas in the discharge tube. According to recent determinations 
the ratio of charge to mass of the electron is 1*758 x 10 7 e.m. units per g 
(i.e. 1*758 x 10 8 coulombs per g), provided that the electron velocity is 
not too high. Assuming that the electron and the hydrogen ion have the 
same charge, then the mass of the electron is 1/1836 part of the mass of a 
hydrogen atom. It follows, therefore, that the electron is a common 
constituent of all matter, and always possesses the same properties. 

Just as cathode rays are emitted from the cathode surface under the 
influence of an electrical potential, so rays are also given off by the anode 
provided that the pressure inside the discharge tube is not too low. These 



1 + 

Fig. 12. Anode Rays 


rays originally were known as canal rays , but now are invariably termed 
positive rays since they are positively charged and suffer deflection in the 
opposite direction to that expected for cathode rays. Positive rays may be 
detected by using a perforated disc as cathode when the positive rays will 
be observed as a narrow beam emerging from the side of the cathode 
opposite to the anode (see Fig. 12). Positive rays differ from cathode rays 
in that they are always associated with material particles, and also that 
whereas anode rays appear to originate in the glow surrounding the 
Crookes dark space, cathode rays actually start from the cathode. Sir J. J. 
Thomson determined the ratio ejm for positive rays by the same method as 
that employed for cathode rays but found that this ratio was not constant, 
as was the case for cathode rays, but was dependent upon the nature of 
the residual gas in the discharge tube. 

The Inter-relationship of Mass, Velocity and Energy. In quoting above 
the numerical value of the ratio e/m for an electron as 1*758 x 10 7 e.m. 
units per gramme, the proviso was made that the velocity of the electron 
stream should not be too high. In Sir J. J. Thomson’s classic experiments 
the velocity of the electron stream was approximately 3 x 10 9 cm/sec, that 
is about one-tenth the velocity of light. But the velocity of the electron 


CATHODE RAYS AND POSITIVE RAYS 

stream varies with variation of the applied potential, being proportional to 

the square root of the potential gradient. 

Thus, as the velocity of the electron stream increases, the numerical 
value of the ratio e/m decreases, due, not to a decrease in the value of the 
charge, but to an increase in the value of the mass in accordance with 
relativity theory. In accordance with the theory of relativity the actual 
mass of a particle, m , moving with a velocity, r, is given by the expression— 

m = m 0 / V 1 — (r/c) 2 . . • (3) 

where m 0 = the mass of the particle at rest, that is, the so-called “rest 
mass,” c = the velocity of light. 

From (3) it follows that the actual mass of a particle (in this case an 
electron) increases as its velocity increases. For velocities lower than 
10° cm/sec the numerical value of the actual mass differs from the 
rest mass by not more than 1 per cent so that at relatively low velocities 
the mass of an electron may be regarded as more or less constant and it is 
this value which is 1/1836 of the mass of a hydrogen atom. Thus, since 
the mass of a moving body increases as its velocity increases, there is an 
equivalence between increase in kinetic energy (i.e. the increase in the 
energy of motion of the body) and the increase in mass. In other words, 
energy and mass are interconvertible. Einstein concluded that the amount 
of energy, E, equivalent to mass, m, is given by the equation— 

E = me 2 . . . . (4) 


where c = the velocity of light (i.e. 2-9977 x 10 10 cm/sec). 

From (4) it will be observed that any change of energy, E, is associated 
with a change of mass equal to E/c 2 so that the Law of Conservation of 
Mass is therefore only strictly valid provided that there is no energy 
change involved in the process under consideration. Since in chemical 
reactions the change in mass (equivalent to the heat change involved) is so 
extremely small as to be incapable of determination by the ordinary 
processes of manipulation the apparent verification of the Law of Con¬ 
servation of Mass has been accepted. This is emphasized by the fact that 
1000 calories (i.e. 418 x 10 10 ergs) are equivalent to only 4-6 x 10 -7 g, 
which is obviously so small as to be incapable of experimental 
determination. 

The Charge, Mass and Size of the Electron. The magnitude of the 
electronic charge may be evaluated from the expression— 


e 


F 

N 



where F — the Faraday (96 500 coulombs), N = the Avogadro number 
(6-025 x 10 23 ). 
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Thus, since 96 500 coulombs = 9650 e.m. units, then— 

_ 9650 x 2-9977 x 10 10 
€ ~ 6-025 x 10 23 

= 4-800 x 10 -10 e.s. units 

The numerical value of the ratio ejm has been quoted above as 

eftn = 1-758 x 10 7 e.m. units 

= 1-758 x 10 7 x 2-9977 x 10 10 e.s. units 
= 5-270 x 10 17 e.s. units 

Since, as also shown above, the electronic charge is 

e = 4-800 x 10~ 10 e.s. units 

then, m = 4-800 x 10- IO /5-270 x 10 17 e.s. units / 

= 9-11 x 10~ 28 g 

An approximate value of the radius of an electron is given by the 
expression ® J 

r = e 2 /mc 2 . . . . (6) 

where <? = the electronic charge, m = the mass of the electron, c = the 
velocity of light. 

Substituting the values quoted above 

r = 2-8 X 10~ 13 cm (approximately) 

The Proton. As stated above the numerical value of the ratio elm for 

positive rays is not constant but varies with the nature of the residual gas 

remaining in the discharge tube. As a result of a detailed study of positive 

rays it has been established that the lightest positively charged particle has 

a mass almost equal to that of a hydrogen atom, that is, a mass about 

1835 times as great as that of the electron. This particle, to which the name 

proton has been given, is a positive hydrogen ion, that is a hydrogen atom 
which has lost an electron.* 


THE NUCLEAR THEORY OF THE ATOM 

It was found that if that part of the wall of a discharge tube opposite to 
e cathode be made from thin metal foil instead of glass the cathode rays 
will pass through the foil, without the latter suffering perforation, and out 
into the atmosphere beyond. This could only happen if the size of the 
electron is very much smaller than that of the atom as a whole and if the 
greater part of the atom is more or less “transparent” to electrons 


. * The proto . n ’ that is, the gaseous hydrogen ion should not be confused with the 

sofvenfce Which f 3 c ° mbination °f a proton and a molecule of the 

boiveni te.g. H 3 U^ in aqueous solution). 
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Emphasis is given to this view by the fact that knowing the diameters of 
gaseous molecules, and by application of the kinetic theory, it is possible 
to calculate the probable number of encounters with molecules an electron 
might have during the period of its passage through the gas; the results 
show that the greater portion of an atom must be “transparent” to electrons. 

Arising from these and similar related phenomena, the modern theory 
of atomic structure, based on the nuclear theory, was proposed by Lord 
Rutherlord who suggested that the positive charge of an atom is concen¬ 
trated at a central point which is surrounded by negative particles. The 
behaviour of radioactive substances has been of very considerable 
assistance in elucidating the structure of the atom, and in this connexion 

the so-called “alpha-particle,” emitted by radioactive substances, has been 
of especial value. 

The first reported observation of radioactivity was by Becquerel in 1895 

who noted the fogging effect of uranium minerals on photographic plates— 

even when the latter were carefully wrapped in black paper—and their 

power of ionizing the air so that an electric charge on an electroscope will 

leak rapidly aw'ay through the air if a radioactive substance is placed near 

it. It is to the spontaneous emission of radiation of this type that the name 
radioactivity is given. Jr 

Radioactive substances emit radiations of three types known respectively 

b f ,a -’“yi and gamma-rays (a-particles, /3-rays and 
y ays). These three kinds of radiation differ amongst themselves in regard 
to penetrating power, influence of magnetic field, and ability to ionize air 
P e t Penetrating power of a-particles is about 1/100 that of y-rays, whilst 
that of/3-rays varies from 1/10 upwards that of y-rays. Under the influence 

° f field “'Particles are deflected slightly in such a direction as 

to indicate that they are positively charged. Under the influence of the 
same magneuc field /3-rays undergo considerable deflection in the oppos te 

SKm*™* lhey « neea,ivel >' **“*•■. 45 

regai , d . to lonizln g power, a-particles are most effective beini? 
approximate y one hundred times as powerful as /3-rays and the lattef 
approximately one hundred times as powerful as y-rayj 3 ^ ’ 

Alpha-particles 

fie S ld St annrr b r e " h ™ b&:n shown that under the influence of a magnetic 
S aTe '* v ar f u CCtCd sl 'S ht, y in s uch a direction as to indicatfthat 
fields U y e y C J iargcd - B y su P enm P°sing magnetic and electric 

» 2 'or '“2 ‘fr 1 ’ ° f '* ba ° bs '™2 ancUhe 

4-813 x lO^e m unflt/Th"T nCa Value 1 °, f this ratio for a-particles is 
mately 9-3 x 10~ 10 e s finite . . a “^rato by an a-particle is approxi- 

The a-particles must therefore"^'h ‘ S r ° Ughly tWiCe that of an electron. 

1 must, therefore, each carry two unit charges. Since 1 g-ion 
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of hydrogen carries 9-650 x 10 3 e.m. units, and the a-particle carries two 
charges, it follows that the mass of the a-particle must be approximately 
four times that of the hydrogen atom. In fact, it is now known that 
a-particles are helium atoms each carrying two positive charges. 

Like cathode rays, a-particles are capable of penetrating thin sheets of 
metal foil and in doing so most of the a-particles do not suffer any appre¬ 
ciable deflection, but a small proportion are scattered through large angles 
(i.e. more than 90°). Lord Rutherford suggested that this scattering must 
be due to the encounter of a-particles and the atoms of the metal making 
up the foil, and in particular, the large-angle scattering must result from 
a single encounter of an a-particle and a metal atom (see Fig. 13). Thus 
Lord Rutherford argued that these observations could be explained by 

assuming that the whole of the posi¬ 
tive charge associated with an atom is 
concentrated at a very small, central 
nucleus which is surrounded at a 
relatively large distance by electrons, 
often termed “extra-nuclear electrons” 
in this connexion, which, being 
negatively charged, provide electrical 
neutrality to the atom as a whole. 

With this picture in mind it be¬ 
comes clear why a swiftly moving a- 
particle will not be deflected to any 
appreciable extent by an electron 
since the latter has a very much smaller mass, so that the majority of 
a-particles may pass through an atom without suffering any appreciable 
scattering. On the other hand, should an a-particle enter the strong electric 
field in the immediate vicinity of the nucleus it will obviously suffer 
violent deflection. It is important to appreciate that the ability of 
positively charged nuclei to repel other positively charged nuclei is a 
fundamental property. In a similar manner, electrons, being negatively 
charged, will repel other electrons. 

The picture which has been built up is that every atom consists of a 
small, heavy nucleus of the order of 1 x 10" 5 to 1 x 10“ 4 A* in diameter 
(i.e. 1 x 10~ 13 to 1 x 10 _12 cm). The nucleus is surrounded largely by an 
“empty” region of the order of 1 A diameter in which the electrons circu¬ 
late around the nucleus in a manner similar to that in which the planets 
circulate around the sun. This is the so-called nuclear theory of the atotn. 

The “transparent” nature of the atom is made more obvious when it is 
noted that if nuclei could be packed together side by side, a form of matter 
would be produced having the phenomenal density of approximately 

* The Angstrom unit is a unit of length employed in the measurement of very small 
lengths. 1 A = 1 x 10~ 8 cm. 



Nucleus 


Fig. 13. Scattering of a-particle 
by an Atomic Nucleus 
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1 x 10 12 g/cm 8 . The tendency for such packing would appear to occur at 
the extremely high temperatures and pressures that obtain in the centres 
of stars, and it has been calculated that the density of one star is of the 
order of 61 x 10 4 g/cm 3 (i.e. approximately 1 ton/in. 3 ). 

X-rays 

In 1895 Rontgen discovered that when cathode rays produced in a highly 
evacuated discharge tube were allowed to fall upon matter, new radiations 
were produced. These radiations he called X-rays. In order that the 
X-rays may readily be deflected out of the discharge tube it is usually 
more convenient if the cathode rays are allowed to impinge upon a metal 
target known as the anti-cathode {see Fig. 14). 

X-rays have been found to exhibit much greater penetrating power than 
cathode rays. They are also, like a-particles, capable of ionizing air and 



other gases, but differ from a-particles in that they are not influenced by 
magnetic and electric fields. They are in this respect therefore similar to 
the y-rays emitted by radioactive substances in that both X-rays and 
y-rays are not corpuscular, but consist of electromagnetic radiations, the 
wave-length of y-rays being the shorter of the two. 

In general, the X-rays as radiated from the anti-cathode of a discharge 
tube are heterogeneous, that is the X-ray spectrum is not continuous but 
consists of a number of characteristic lines or series (or groups) of lines 
Two series known respectively as the K- and L-series are of particular 
importance, the K-series being much harder than the L-series (i.e. of much 
greater penetrating power). With the object of making a comparison of 
the X-ray spectra of different elements it is usual to compare measurements 
made on a specific line in the different spectra; from the position of the 

line of the spectrum these measurements permit of the calculation of the 
frequency of this particular radiation. 

In 1913 H. G. J. Moseley found that with variation of the material 

sed tor the anti-cathode, so that elements of decreasing atomic weight 
are employed, the wave-length of the X-rays produced undergoes a corres- 
p n mg decrease, and simultaneously the K-series becomes more difficult 
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International Atomic Weights , 1947 


Atomic Atomic 



Symbol 

No. 

Weight 

Aluminium . 

. A1 

13 

26-97 

Antimony . 

. Sb 

51 

121-76 

Argon 

. A 

18 

39-944 

Arsenic 

As 

33 

74-91 

Barium 

. Ba 

56 

137-36 

Beryllium . 

. Be 

4 

9-02 

Bismuth 

. Bi 

83 

209-00 

Boron 

. B 

5 

10-82 

Bromine 

. Br 

35 

79-916 

Cadmium . 

. Cd 

48 

112-41 

Caesium 

. Cs 

55 

132-91 

Calcium 

. Ca 

20 

40-08 

Carbon 

. C 

6 

1201 

Cerium 

. Ce 

58 

14013 

Chlorine 

. Cl 

17 

35-457 

Chromium 

. Cr 

24 

52-01 

Cobalt 

. Co 

27 

58-94 

Copper 

Cu 

29 

63-54 

Dysprosium 

• Dy 

66 

162-46 

Erbium 

. Er 

68 

167-2 

Europium . 

Eu 

63 

152-0 

Fluorine 

. F 

9 

1900 

Gadolinium 

. Gd 

64 

156-9 

Gallium 

. Ga 

31 

69-72 

Germanium. 

. Ge 

32 

72-60 

Gold 

Au 

79 

197-2 

Hafnium 

. Hf 

72 

178-6 

Helium 

. He 

2 

4-003 

Holmium 

. Ho 

67 

164-94 

Hydrogen . 

. H 

1 

1-008 

Indium 

In 

49 

114-76 

Iodine 

. I 

53 

126-92 

Iridium 

. Ir 

77 

193-1 

Iron . 

. Fe 

26 

55-85 

Krypton 

. Kr 

36 

83-7 

Lanthanum 

La 

57 

138-92 

Lead . 

. Pb 

82 

207-21 

Lithium 

. Li 

3 

6-94 

Lutecium 

Lu 

71 

174-99 

Magnesium 

• Mg 

12 

24-32 

Manganese . 

. Mn 

25 

54-93 

Mercury 

• Hg 

80 

200-61 

Molybdenum 

Mo 

42 

95-95 

Neodymium 

. Nd 

60 

144-27 




Atomic Atomic 


Symbol 

No. 

Weight 

Neon 

Ne 

10 

20-183 

Nickel 

. Ni 

28 

58-69 

Niobium (Col- 

Nb 

41 

92-91 

umbium) 

• 



Nitrogen . 

. N 

7 

14-008 

Osmium . 

. Os 

76 

190-2 

Oxygen 

. O 

8 

16-0 

Palladium 

. Pd 

46 

106-7 

Phosphorus 

P 

15 

30-98 

Platinum . 

. Pt 

78 

195-23 

Potassium 

. K 

19 

39 096 

Praseodymium 

. Pr 

59 

140-92 

Protoactinium 

. Pa 

91 

231-0 

Radium 

Ra 

88 

226-05 

Radon 

Rn 

86 

222-0 

Rhenium . 

Re 

75 

186-31 

Rhodium . 

. Rh 

45 

102-91 

Rubidium 

. Rb 

37 

85-48 

Ruthenium 

Ru 

44 

101-7 

Samarium 

Sm 

62 

150-43 

Scandium . 

. Sc 

21 

4510 

Selenium . 

Se 

34 

78-96 

Silicon 

. Si 

14 

28-06 

Silver 

• Ag 

47 

107-88 

Sodium 

. Na 

11 

22-997 

Strontium 

. Sr 

38 

87-63 

Sulphur 

. S 

16 

32 066 

Tantalum . 

. Ta 

73 

180-88 

Tellurium . 

. Te 

52 

127-61 

Terbium . 

. Tb 

65 

159-2 

Thallium . 

. T1 

81 

204-39 

Thorium . 

. Th 

90 

232-12 

Thulium . 

Tm 

69 

169-4 

Tin . 

Sn 

50 

118-7 

Titanium . 

. Ti 

22 

47-9 

Tungsten . 

. W 

74 

183-92 

Uranium . 

. U 

92 

238-07 

Vanadium. 

. V 

23 

50-95 

Xenon 

. Xe 

54 

131-3 

Ytterbium. 

. Yb 

70 

173-04 

Yttrium . 

. Y 

39 

88-92 

Zinc 

Zn 

30 

65-38 

Zirconium 

. Zr 

40 

91-22 


(Reprinted by permission of the Council of the Chemical Society) 
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to excite. From his measurements, Moseley was able to demonstrate the 
existence of a quantitative relationship between the frequency v of a 
specific line in the given series in the X-ray spectrum and the so-called 
atomic number Z of the element in question. 


The Atomic Number 


The atomic number is, with certain few exceptions, the number which may 
be apportioned to an element if all the elements are arranged in order of 
increasing atomic weight, starting with hydrogen equal to unity. Thus 
Table 3 opposite gives the atomic weights and the corresponding atomic 



numbers of the elements. The mathematical expression of the relationship 
between the frequency, v , and the atomic number, Z, is as follows— 

Vv = a(Z—o) . . . . ( 7 ) 

where v = frequency of specific line within any particular X-ray spectrum 
- atomic number of the element in question, a = proportionality 
constant, a = constant which is the same for all the lines in a given series 
lbus for the AT a -lme (the strongest line in the ^-series) a = 1*0; whilst for 
if - me (the stron g e st line in the L-series) o = 7-4. 

series ic S ? U ,? r ! FOCn ° f the fre q uen cy of the characteristic line in a given 
series is plotted against the atomic numbers of the elements giving rise to 

Wh rdy *u a strai S ht line P lot is obtained; this is shown in Fig. 15. 

weirh^JnVT* TQ r ° 0t ° f the frec l ucnc y is Phoned against the atomic 
£ • the elements concerned, no such regularity is apparent. Moseley 
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therefore deduced that there is some property of the atom—either the 
atomic number or some quantitative property very closely related to it— 
which is a fundamental characteristic for each atom, and which increases 
in a regular manner from one element to the next heavier element. Moseley 
submitted that this fundamental quantity must represent the magnitude of 
the charge on the central, positively charged nucleus of the atom. 

It is important at this point to emphasize that all nuclei possess positive 
charges which are equal to, or are simple multiples of, the negative charge 
possessed by the electron. Thus, the electrical charge of a nucleus of an 
element with atomic number Z is Ze , since the charge on the electron is — e. 
In other words, the number of positive charges on the atomic nucleus 
determines the number of electrons in the extranuclear structure, which in 



Fig. 16. Focusing Mass Spectrograph 


turn determines the chemical properties of the atom in question. Atomic 

nuclei are unaffected by chemical processes. It follows therefore that 

matter composed of atoms with the same atomic number is composed of a 

single element regardless of the possible differences in their nuclear 
structure. 

The Constitution of the Atomic Nucleus 

The nuclear charge is equal to the atomic number, and also equal to the 
number of extranuclear electrons necessary for the existence of an electric¬ 
ally neutral atom. Since the electron has only a very small individual mass, 
the extranuclear electrons only contribute a very small fraction to the 
mass of the atom as a whole, and therefore, the mass of an atom may be 
assumed to be concentrated in the nucleus. 

The simplest, lightest and smallest nucleus is the proton. This particular 
nucleus carries unit positive charge and when associated with a single 
extranuclear electron (carrying unit negative charge) the electrically 
neutral structure produced constitutes a single hydrogen atom. Thus, 
since the proton is 1836 times as heavy as the electron, only 1/1836 of the 
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mass of a hydrogen atom is due to the single planetary electron, the very 
large, fractional remainder being due to the proton. 

By means of recent precision measurements using the focusing mass 
spectrograph (see Fig. 16), a modern form of Sir J. J. Thomson’s original 
apparatus, it has been possible to determine the relative masses of atoms 
with an accuracy very much greater than that attainable when employing 
the ordinary chemical methods of atomic weight determination. For 
example, some of the results obtained by the use of this technique are 
probably correct to within one part in 10 000. Using this modern form of 
mass spectrograph, F. W. Aston, A. J. Dempster, and others have deter¬ 
mined the mass number of the atoms of the elements. The mass number, 
A , is the number of times the atom in question is greater than the atomic 
mass unit, a very small unit of mass, 1-6603 x 10~ 24 g. In terms of this 
unit the mass of a proton is 1-00758 mass units. 

In atoms heavier than hydrogen the nucleus has a total positive charge 
greater than unity and is surrounded by a number of electrons circulating 
in orbits around the nucleus in a planetary manner. If the nuclei of atoms 
heavier than hydrogen consist only of groups of protons then, neglecting 
the mass of the extranuclear electrons on account of their small value, the 
mass number of an atom would be the same as its atomic number. Except 
in the case of hydrogen this is not so as is demonstrated by Table 4. 

Table 4 


Mass Numbers and Atomic Numbers of Hydrogen , Helium , 

Lithium , Sodium and Potassium 


Element 

Mass Number* 

Atomic Number 

Hydrogen . . I 

1 

1 

Helium 

• • 

4 

• 

2 

Lithium 

1 

'X 

Sodium 

23 

J 

11 

Potassium . 

39 

1 1 

19 


Mass numbers are quoted to the nearest whole number. 


7hI C r, dlfTerenCe be ‘ ween lhe mass number and the atomic number is due to 
e presence wuhin the nucleus, of one or more neutrons. 

TTk chief chamcteristic of the neutron which differentiates it from other 

atomic particles is that it is uncharged (i.e. electrically neutral) The 

viwst tr tr r° n .. iS ''° 0893 maSS U,litS - Thus ’ accor ding to modern 
an u ° f atomic s P e cies are built up of protons and neutrons 

and there are three fundamental sub-atomic particles, protons, neutrons,’ 
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and electrons. The number of neutrons, TV, in the nucleus of an atom may 
be found by subtracting the atomic number, Z, from the mass number, A. 
Thus, since the number of protons is equal to the atomic number, then 

N = A-Z . . . . (8) 

In nuclei the combined effect of electric coulomb forces of repulsion 
between positive charges, and the very short-range forces of attraction 
between all particles are such that stability can only be obtained when 
certain combinations of protons and neutrons exist. When the numbers 
of protons and neutrons are few, as is the case in small nuclei, stability only 
occurs when these two types of sub-atomic particles exist in roughly equal 
numbers. On the other hand, in the case of larger nuclei, if stability is to 
obtain a higher proportion of neutrons appears to be necessary. Identifi¬ 
cation has been made of about 250 different stable nuclei having mass 
numbers varying from 1 to 244 and atomic numbers from 1 to 98. 

In addition to the proton, electron and neutron other fundamental 
sub-atomic particles have also been identified. The relationship of these 
to the three first named will be clear from the following table. 

Table 5 

Fundamental Sub-atomic Particles 


Electric Charge on Particle 


Positive 

Zero 

(Neutral) 

Negative 

Proton 

Neutron 

Negative proton 

(Mass = 1-00758) 

(Mass = 1-00897) 

(Not known at present) 

Positive meson* 

Neutral meson* 

Negative meson* 

(Mass = approxi¬ 
mately 0-1) 

(Not known at present) 

w 

(Mass = approxi¬ 
mately 01) 

Position! 

! Neutrino 

Electron 

(Mass = 0-000548) 

(A mass of 0 0005 has 
been proposed. The 
existence of this par¬ 
ticle has, however, 
not been proved) 

(Mass = 0-00548) 

I 


* It is possible that mesons provide the fundamental binding forces holding together 
the protons and neutrons in nuclei. 

t The positron is produced by interaction of cosmic rays with matter. Positrons 
have a very short life as free particles (e.g. 1 x 1O -0 sec). 
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Isotopes. It will be clear that it is possible to alter the mass number of 
an atom without altering the arrangement of the exlranuclear electrons, by 
adding to the nucleus one or more neutrons, and atoms which vary in this 
respect will have the same chemical properties since the extranuclear 
electrons are not involved. Atoms which thus vary with regard to mass 
number but not in respect of electronic arrangement are termed isotopes. 

If a sample of an element obtained by chemical means consists of a 
mixture of its isotopes, the apparent atomic weight as determined by 
chemical methods is the statistical mean value dependent upon the 
relative proportions of the isotopes existing in the sample of the element 
under examination. Thus, for example oxygen, as prepared by the usual 
chemical methods or as found in nature, contains isotopes of masses 17 
and 18 to the extent of 0-04 per cent and 0-20 per cent respectively, the 
remainder consisting of the isotope of mass 16. The complete definition 
of the mass unit is of the mass of the predominant isotope of oxygen 
and its numerical value is 1 *6603 x 10 24 g. In order to distinguish between 
isotopes it is usual to write the atomic number as a subscript and the mass 
number as a superscript respectively before the chemical symbol of the 
element concerned, thus 1 [JO. Some typical values of the mass numbers of 
isotopes are given in Table 6. 


Table 6 


Mass Numbers of Isotopes 


Element 

Masses of Isotopes 

H 

la, 2b 

Li 

6b, 7a 

' B | 

10b, 11a 

C 

12a, 13b 

N 

14a, 15b 

O 

16a, 17c, 18b 

Ne 

20a, 21c, 22b 

Mg 

24a, 25b, 26c 

Si 

28a, 29b, 30c 

S 

32a, 33c, 34b 

Cl 

35a, 37b 

A 

36b, 38c, 40a 

K 

39a, 40c, 41b 

Ca 

40a, 42c, 43d, 44b, 46f, 48e 

Ti 

46b, 47c, 48a, 49d, 50e 

Cr 

50c, 52a, 53b, 54d 

Fe 

54b, 56a, 57c, 58d 

Co 

59a, 57b 


* Note: 
order, of the 


The letters a, b, c, d, etc. indicate the relative quantities, in 
various atoms in the naturally occurring element. 


decreasing 


*-(T.447) 



Table 6—( contd .) 


Mass Numbers of Isotopes 


Element 

Masses of Isotopes 

Ni 

58a, 60b, 62c, 64e 

Cu 

63a, 65b 

Zn 

64a, 66b, 67d, 68c, 70e 

Ga 

69a, 71b 

Ge 

70c, 72b, 73d, 74a, 76e 

Se 

74f, 76c, 77e, 78b, 80a, 82d 

Br 

79a, 81a 

Kr 

78f, 80e, 82c, 83d, 84a, 86b 

Rb 

85a, 87b 

Sr 

84d, 86b, 87c, 88a 

Zr 

90a, 9Id, 92b, 94c, 96e 

Mo 

92d, 94e, 95c, 96b, 97g, 98a, lOOf 

Ru 

96a, (98), 99f, lOOd, 101b, 102a, 104c 

Rh 1 

101b, 103a 

Pd 

102f, 104e, 105c, 106a, 108b, llOd 

A g 

107a, 109b 

Cd 

106g, 108h, 110c, llle, 112b, 113d, 114a, 116f" 

In 

113b,115a 

Sn 

112h, 114i, 115j, 116c, 117e, 118b, 119d, 120a, 122g, 124f 

Sb 

, 121a, 123b 

Te 

122f, 123g, 124e, 125d, 126c, 128b, 130a 

Xe 

124h, 126h, 128g, 129a, 130f, 131c, 132b, 134d, 136e 

Ba 

130f, 132g, 134e, 135d, 136c, 137b, 138a 

Ce 

140a, 142b 

Nd 

142a, 143d, 144b, 145e, 146c, 148f, 150g 

Sa 

144g, 147c, 148e, 149d, 150f, 152a, 154b 

Eu 

151a, 153a 

Gd 

152f, 154c, 155b, 156a, 157c, 158a, 160d 

Dy 

158e, 160d, 161c, 162b, 163b, 164a 

Er 

162f, 164e, 166a, 167c, 168b, 170d 

Yb 

168g, 170f, 171e, 172b, 173c, 174a, 176d 

Lu 

175a, 176b 

Hf 

174f, 176e, 177c, 178b, 179d, 180a 

W 

180e, 182c, 183d, 184a, 186b 

Re 

185a, 187a 

Os 

184g, 186e, 187f, 188d, 189c, 190b, 192a 

Ir 

191b, 193a 

Pt 

192e, 194b, 195a, 196c, 198d 

Hg 

196g, 197h, 198e, 199c, 200b, 201d, 202a, 203i, 204f 

T1 

203b, 205a 

Pb 

204d, 206b, 207c, 208a 

U 

234c, 235b, 238a 


* Note: The letters a, b, c, d, etc. indicate the relative quantities, in decreasing 
order, of the various atoms in the naturally occurring element. 




THE NUCLEAR THEORY OF THE ATOM 


57 


Hydrogen as prepared by chemical methods consists of two isotopes, 
and known respectively as protium and deuterium. The propor¬ 
tion of deuterium in ordinary hydrogen is very small (i.e. 1 part in 4500). 
The deuterium atom possesses one electron but its nucleus consists of one 
proton and one neutron. Deuterium oxide is often termed “heavy water” 
and deuterium “heavy hydrogen,” the nucleus of the deuterium atom is 
known as the deuteron. A summary of the chief physical properties of the 
isotopes of hydrogen and their oxides is given in Table 7. 

Table 7 


Chief Physical Properties of the Isotopes of Hydrogen 

and Their Oxides 


1 

Property of Isotopes 

Hydrogen 

1 

Deuterium 

Boiling point . . . j 

20-38°A 

23-50°A 

Triple point 

13-92°A 

18-58°A 

Heat of fusion . 

28 cal/mol 

47 cal/mol 

Property of Oxides 

Hydrogen oxide 
; (Water, HoO) 

I 

Deuterium oxide 
(Heavy water, D 2 0) 

Density at 25°C 

10 

1-1079 

Boiling point 

100-0°C 

10F42°C 

Freezing point . 

o-o°c 

3-82°C 

Surface tension . 

72-75 dynes/cm 

67-8 dynes/cm 


Isobares. From Table 6 it will be noted that there are several instances 
of isotopes of different elements having the same atomic weight (e.g. 
argon, potassium and calcium, and titanium and chromium). These 
isotopic forms having the same atomic weight are known as isohares. 

Packing Fraction. It has been stated previously that the a-particle is a 
helium atom carrying two positive charges. It therefore consists of tw'o 
protons and two neutrons. Since the mass of a proton is 1 00758 mass 
units, and that of a neutron 1 00893 mass units, the mass of the nucleus of 
the helium atom should be (2 x 1-00758) + (2 x 1-00893) mass units 
= 4 03302 mass units. 

In actual fact the mass of the helium atom nucleus is 4 0028 mass units. 

This difference of approximately 0-030 mass units, termed the mass defect 

represents the “binding energy” of the protons and neutrons in the nucleus 
of the helium atom. 

By the employment of the Einstein equation, 

E ~ me 2 


(4) 
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it can be shown that this extremely small amount of mass is equal to 
4-5 x 10 -5 ergs per nucleus, or 2-7 x 10 l9 ergs per gramme molecule of 
helium. Expressed in other units, this means that to break up all the 
nuclei in one gramme atom of helium would require energy equivalent to 
1*62 x 10 11 gramme calories, or 190 000 kilowatt hours of electrical 
energy. And, of course, conversely, if free protons and free neutrons could 
be built into helium nuclei this amount of energy would be released. In 
a similar way, atoms heavier than helium are of less mass than they would 
be if formed by the union of protons and neutrons without change in mass. 

This decrease in mass is usually defined by the so-called packing fraction 
which is evaluated as follows— 

u c Isotopic atomic weight — Mass number 

Packing fraction = ---s- x jq 4 (9) 

Mass number 

A negative packing fraction indicates that the isotopic atomic weight is 
less than integral and that mass has been converted into energy in the 
formation of that particular nucleus. Such nuclei are particularly stable. 
On the other hand, a positive value for the packing fraction, in general, 
indicates instability of the nucleus, except for elements of small atomic 
weight. 

The lowest packing fractions are exhibited by the transition elements 
lying between chromium and zinc (see Fig. 17), in the first long period of 
the Periodic Table, and these elements, therefore, are regarded as the most 
stable of all the elements since if any one of these elements were to be 
converted into another element, the total mass of elements produced would 
be slightly greater than that of the elements serving as reactants, and 
accordingly, bearing in mind Einstein’s equation, a tremendous amount of 
energy would have to be supplied to bring about such a change. As the 
mass number increases, the packing fraction increases until, with mass 
numbers exceeding approximately 200, it becomes positive, this fact 
agreeing with the occurrence of radioactivity by such elements. 

The Extra-nuclear Electrons. So far consideration of the extra-nuclear 
electrons has been confined to the statements that their number is deter¬ 
mined by the atomic number (i.e. the number of positive charges in the 
nucleus), and that they constitute a relatively “transparent” structure 
surrounding the nucleus. The arrangement of the extra-nuclear electrons 
in successive shells according to well-established laws is, however, of 
considerable importance. 

Information regarding the arrangement of the electrons may be obtained 
from optical spectra and from X-ray spectra; the former arise from 
disturbances in the outer part of the electronic structure and the latter 
from electronic disturbances close to the nucleus. In the formation of 
chemical compounds minor re-arrangements occur of the outermost 
electrons. 
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In the nuclear theory of the atom as proposed by Lord Rutherford, it 
was necessary to assume a very rapid planetary movement of the electrons 
around the nucleus so that the attractive force inwards was exactly counter¬ 
balanced by the outward centrifugal force. This reasoning, however, is 
unsound and the parallel between the solar system and the nuclear atom 
untrue since the sun and the planets are not electrically charged, whereas 
the nucleus and the extra-nuclear electrons have definite electric charges. 
According to electromagnetic theory an electron should emit radiation 



continuously during its circulation and, therefdre, the radius of curvature 
of its path will progressively decrease in the form of a spiral so that 
eventually the electron will fall into the nucleus. 

It was to overcome these difficulties that Niels Bohr in 1913 put forward 
a theory which combined Lord Rutherford's theory of the nuclear atom 
with Planck’s Quantum Theory. The resulting atomic model is usually 
known as the “Rutherford-Bohr atom.” According to Planck's Quantum 
Theory, radiation is only capable of being emitted or absorbed in units of 
energy, or quanta , 

£ = ln> .(10) 

where e — a quantum of energy, h — a universal constant, known as 
Planck's constant , v = the frequency of the radiation. 
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In his application of the Quantum Theory, Bohr suggested that an 
electron always rotated around the nucleus in a closed orbital, and so long 
as this type of motion occurs there is no absorption or emission of radiation. 
Bohr postulated that for any electron more than one stable orbital was 
possible, each orbital being known as an “energy level.” 

Since the angular momentum of a particle such as an electron moving 
in a circular orbital is 


co = mvr .(11) 

where co = angular momentum, m = mass of electron, v = speed of 
rotating electron, r = radius of orbital, then, by the application of wave 
mechanics, it can be shown that the possible electronic orbitals are defined 
by the expression— 

h 

2tt • • • • 02 ) 


mvr = n 


where n = an integer termed the Quantum Number of the particular 
energy level, h = Planck’s constant. 

From (12) it will be noted that as the radius of the electronic orbital, r, 
increases so does the numerical value of the quantum number, and thus 
the quantum number may be regarded as indicating the order of the 
various orbitals commencing with that nearest to the nucleus and counting 
outwards. Thus, for the first possible orbital, n= l,for the second, 
n — 2, and so on. Bohr also stated that when an electron jumps from one 
orbital to another with a lower energy level, the surplus energy is emitted 
as radiation of a specific frequency (that is, a definite spectral line). Since 
a number of different energy levels are possible in every atom there will 
therefore be a number of simultaneous transitions of electrons, and hence 
a series of lines will be apparent in the line spectrum. On the other hand, 
when atoms of an element are in a condition of excitation such as obtains 
by the employment of a high temperature or an electrical discharge, 
then the electrons will absorb energy and in doing so pass from lower 
energy levels to higher energy levels (i.e. from inner orbitals to outer 
orbitals). These changes in energy levels give rise to the production of 
absorption lines in absorption spectra , each absorption line corresponding 
to a specific electronic transition from a lower to a higher energy level. 

From the study of line spectra it has been shown that elements with 
similar spectra are also similar chemically. In fact, the spectrum of an 
element may be regarded as a periodic property, and it is from the study 
of line spectra in particular that most of the present detailed knowledge of 
the extra-nuclear structure of the atom has been obtained. 

The atom of hydrogen was originally thought to consist of a single 
proton with a single electron moving in a circular orbital, but it is now 
known that the electron travels in an elliptical orbital, and instead of 
rotating in one plane it travels in all directions, thus describing in its 
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rotation a spherically symmetrical shell. In this way, by virtue of its rapid 
speed (i.e. 2-18 x 10 8 cm/sec, or approximately 1 percent of the speed of 
light) it effectively occupies all the space within a radius of approximately 
1 A of the nucleus. Thus, a free hydrogen atom may be said to consist of 
a sphere of effective diameter of approximately 2 A at the centre of which 
is a proton comprising the nucleus whilst the intervening space is occupied 
by a very rapid y moving electron. 

After hydrogen, the next heavier element is helium which possesses two 
electrons, each of which rotate around the nucleus in a similar manner to 
the single electron in the hydrogen atom. These two electrons are said to 
occupy the K shell which may be occupied by not more than two electrons. 
All atoms heavier than helium possess two electrons in the K shell and in 
addition possess extra-nuclear electrons arranged in concentric electron 
shells external to the K shell. The successive shells are distinguished bv the 
names L, A/, N, O and P shells respectively. These shells are also desig¬ 
nated by the numbers 1, 2, 3, 4, 5 and 6, the values for the quantum 

numbers used in the mathematical description of electronic motion in 
terms of quantum theory. 

Helium is one of a group of elements termed the “inert gases” (also 
known as the “rare gases,” or “noble gases") which are outstanding as 
their name suggests by virtue of their being chemically inert. This pro¬ 
nounced lack of chemical reactivity implies a very great atomic stability 
as is emphasized by the fact that the ionization energy is greater for the 
inert gases than for the atoms of other elements. Ionization energy is the 

energy required to remove an electron from the atom, or in other words the 
ener gy absorbed by the reaction 




In a similar way the energy liberated on picking up an additional electron 
U-e. the electron affinity’) as depicted by the reaction 

X + 

is ze ro for the inert gases. The atomic numbers of the inert gas group are 
given below, in addition to helium. S 8 P C 


Inert Gas 


Atomic Number 


Helium 

Neon 

Argon 

Krypton 

Xenon 

Radon 
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The atom of neon consists of two electrons in the K shell and eight 
electrons in the L shell. Argon in addition to having two electrons in the 
K shell and eight electrons in the L shell also has an additional eight 
electrons in the M shell. In the case of the next heavier inert gas, krypton, 
there are eight electrons in the outer N shell but in the next inner shell, 
that is the M shell, the eight electrons as existent in argon have increased 
to eighteen. In the case of xenon there is a new outer shell of eight 
electrons in the O shell, but again the next inner shell, that is, the N shell, 
has expanded from eight electrons to eighteen electrons. With radon there 
are eight electrons in the P shell but here the number of electrons in the 
N shell has increased to thirty-two, whilst in the O shell the number of 
electrons as present in xenon has increased from eight to eighteen. 

The successive electronic shells, K, L, M, N , O and P have electronic 
structures as shown in Table 8. 

Table 8 


Electronic Configuration of the Inert Gases 


Inert Gas 

Atomic 

Radius 

(A) 

Atomic 

Number 

Number of Electrons in 
Quantum Levels 

1 (K) 

2 (L) 

• 

3 (M) 

4 (N) 

5(0) 

6 (T) 

Helium 

0-9 1 

2 

2 






Neon . 

M 

10 

2 

8 





Argon . 

1-5 

18 

2 

8 

8 




Krypton 

1*7 

36 

2 

8 

18 

8 



Xenon 

1-9 

54 

2 

8 

18 

18 

8 


Radon 

2-2 

86 

2 

8 

18 

32 

18 

8 


The addition of successive outer electron shells does not greatly increase 
the size of atoms of elements such as the inert gases just described, since 
as the atomic number increases, the corresponding shells of electrons 
decrease in size so permitting a new outer shell to be only a little larger 
than that of the shell which it envelopes. 

It is therefore possible to assign so-called “atomic radii” or “ionic radii” 
to atoms and ions. The atomic radii of the inert gases are given in Table 8. 

Electron Subshells. From a detailed study of line spectra using spectro¬ 
scopes of high resolving power it was found that a spectral line, which 
appeared single at low resolution, exhibited a fine structure consisting of 
two or more lines close together. The existence of this fine structure is 
explained by assuming that certain of the electrons travel in elliptical 
orbitals, although the maximum number of separate orbitals, that is 
circular and elliptical orbitals, for each principal quantum level is equal 
to the number of that quantum level. 
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Thus, in reporting quantum numbers it is usual to denote the principal 
or original quantum number by the letter n and the degree of ellipticity by 
the letter /. The numerical values of n and / in accordance with the above 
statement are as follows— 


n 

/ 

(Principal Quantum 

(Degree of Ellipticity 

Number) 

of Orbital) 

1 

0 

2 

0 or 1 

3 

0, 1 or 2 

4 

0, 1, 2 or 3 


and so on 


The numerical values for the degree of ellipticity are denoted by letters, 
s for 0,/; for 1, d for 2, and f for 3, and the number of electrons possessing 
the same quantum number'indicated by a superscript. Thus, for example 
4 f u denotes 14 electrons each with n = 4 and f — 3. 

In order to explain all the observed characteristics of line spectra it is 
necessary to specify quantum numbers in addition to the two described 
above. For example, a third quantum number, the magnetic quantum 
number denoted by the symbol m, takes into account the effects of magnetic 
and electric fields in splitting spectral lines; whilst a fourth, the spin 
quantum number, denoted by the symbol . 9 , indicates the influence on 
spectral lines of direction of spin of the electron (i.e. whether clockwise or 
anti-clockwise) on its axis. Considerable assistance in connexion with the 
problem of electronic arrangement in atoms has been provided by the 
Pauli Exclusion Principle” which states that any orbital can contain up 
o two electrons, but no more; if it contains two they must have opposite 

smne ^ ^ 


Except for special purposes, however, it is sufficient-at least as far as 

a study of chemistry is concerned—to quote the values of n and of / for 
each electron. 


Electronic Structure of the Elements 

^square of rn thp Umbe h° f ' e 'f Ct , r °" s existin g in the shells increases as twice 

of the first fi n , lbCrS |’ 1 ' 2 - 3 and 4-the principal quantum numbers 
ui me tirst lour quantum levels—as shown below— 


2d 2 ) = 2 
2 ( 2 2 ) = 8 
2(3 2 ) = 18 
2(4 2 ) = 32 
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Since the atomic number of an atom is equal to the number of extra- 
nuclear electrons, and further since the atomic numbers of the inert gases, 
2, 10, 18, 36, 54 and 86, represent the completion of successive electron 
shells, Langmuir deduced that the number of electrons in each shell may 
be evaluated by subtracting from the total number of electrons in any 
inert gas atom the number of electrons in the preceding inert gas. This 
gives 2, 8, 8, 18, 18 and 32 for the numbers of electrons in the successive 
complete electron groups. 

These numbers are, it will have been noted, the numbers of elements in 
the successive periods of the Periodic Table (see p. 40), so that each period 
represents a progressive completion of an electron shell in passing from an 
alkali metal to an inert gas, and in each period, after the first, the maximum 
number of electrons in the main group is repeated once before proceeding 
to the next higher number in the general series, i.e. 2(1 2 ), 2(2 2 ), 2(2) 2 , 
2(3 2 ), 2(3) 2 , and 2(4 2 ). This is often known as the Rydberg series , since 
Ryberg (1914) first pointed out its significance. 

First Period. The atom of hydrogen consists of a nucleus composed of 
a proton and a single electron circulating in the K shell or 1-quantum 
level—that is, one 1 s electron. 

The atom of helium which consists of a nucleus with a net positive 
charge of two, possesses two extra-nuclear electrons. Since these two 
electrons represent a full complement for the K shell, helium is a very 
stable element exhibiting no tendency in the ordinary chemical sense to 
lose, or acquire or share electrons. In fact, according to the usual nomen¬ 
clature, helium is classified as an inert gas. 

Second Period. In contradistinction to the K shell or 1-quantum level, 
which may not hold more than two electrons, the L shell or 2-quantum 
level is capable of holding from one to eight electrons. Thus, with the 
elements of atomic numbers from 3 to 10 (i.e. lithium to neon) constituting 
the first short period of the Periodic Table, the electrons in the L shell 
increase from one to eight. This is indicated below using the “electron- 
dot” notation. It should be noted that with the object of effecting simplifi¬ 
cation the two inner electrons of the K shell are omitted. 

• • • • • •• •• •• 

Li Be . B . . C . : N . ; O . ; F . : Ne : 

• • • • •• • • 

In the L shell there are four orbitals, one 2s orbital and three 2p orbitals, 
each capable of occupation either by a single electron or two electrons. 
Two such electrons travelling in a single orbital constitute an electron pair. 

In this period carbon possesses four unpaired electrons, one in each of 
the four orbitals. On the other hand, neon makes four electron pairs of 
its eight L electrons. This completed inert gas outer shell of four electron 
pairs is known as an “octet” of electrons. For a more complete picture of 
the electronic configuration of some of the simpler atoms, reference should 
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be made to Table 9; particular attention should be paid to the orbitals in 
which the electrons rotate. 

Third Period. This quantum level, the second short period of the 
Periodic Table commences with the alkali metal, sodium and finishes with 
the inert gas, argon. 

In the 3-quantum level or the M shell there are four orbitals, one 3s 
orbital and three 3 p orbitals. 

The elements in this period have an increasing number of electrons as 
indicated diagrammatically below. 

• • • • • •• •• .. 

Na Mg . A1 . . Si . : P . ; S . ; Cl . : A : 

• • • • •• . • 

Fourth Period. This period consists of the eighteen elements which 

constitute the first long period of the Periodic Table. These eighteen 

elements fall into two divisions, two elements falling in each of the 

Groups I to VII of the Periodic Table, three elements—iron, cobalt and 

nickel—occurring in Group VIII, and one element, krypton being found 
in Group O. 

This period commences with potassium which possesses a single 4s 
electron circulating around the “argon core"; calcium, the next element, 
has two 4s electrons; but with scandium, titanium and vanadium a new 
electronic arrangement obtains since these three elements all possess two 
4.v electrons, but in addition have one, two and three electrons respectively 
at the 3-quantum level, i.e. 3d. 

Chromium and manganese, the elements with the next highest atomic 
numbers, have five 3d electrons, but whereas chromium has one 4s 
electron, manganese has two 4s electrons. 

The elements iron, cobalt and nickel each retain two 4s electrons, but 

also have six, seven and eight 3d electrons respectively. These electronic 
structures are detailed in Table 9. 

The elements copper to krypton all have the same “copper core*’ as 
shown in Table 9, but whereas copper has a single 4s electron the remaining 
seven elements, zinc, gallium, germanium, arsenic, selenium, bromine and 
krypton all possess tw'o 4s electrons, and in addition, the final six elements 
possess successively one up to six 4 p electrons ( see Table 9). 

Fifth Period. The electronic arrangement of the 5-quantum level of 

some of the elements composing the second long period of the Periodic 
table is shown below. 




Table 9 



A1 

Si 

P 

S 

Cl 

A 


K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 


Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 


19 

20 
21 
22 

23 

24 

25 

26 

27 

28 


29 

30 

31 

32 

33 

34 

35 
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Addition of electrons at the fifth quantum level does not exclude further 
additions of electrons at the fourth quantum level and it is important to 
note that a number of electrons, once attained at a given quantum level, 
is not always maintained. 

Sixth Period. In the case of this period, which commences with the 

element caesium the first addition of an electron is at the 6-quantum level, 

but subsequent additions of electrons both at the 4- and 5-quantum levels 
occur. 

The first three elements in this period are caesium, barium and lanthanum. 
To the next fourteen elements the title rare earth metals has been given. 
With the exception of the 4 f orbitals all these rare earth metals have the 
same number of electrons in all the quantum levels up through 6s and 6 p 
orbitals. Into the seven Af orbitals there are successively introduced, one 
at a time, fourteen electrons. This, no doubt, is at least part of the explana¬ 
tion for the chemical similarity of the rare earth metals since chemical 

behaviour is largely determined by The number of electrons in the outer¬ 
most quantum level. 



CHAPTER 4 


THE ELECTRONIC THEORY OF VALENCY 

The concept of valency has already been introduced in a general and some¬ 
what empirical manner (see p. 12). In this connexion the configuration of the 
extra-nuclear electrons described earlier is of some very considerable value 
in making possible a more precise explanation of valency from the elec¬ 
tronic standpoint, and accordingly it will be from this standpoint that 
valency is discussed in the present chapter. 

In the formation of molecules and chemical compounds, three types of 
bonding or linkage are possible, namely the electrovalent bond, the 
covalent bond, and the co-ordinate link (or dative bond). 

THE ELECTROVALENT BOND 

The electrovalent bond is also known variously as the ionic bond, polar 
bond, electronic bond, and heteropolar bond. Its essential feature is the 
transfer of electrons from one atom to another. This may be illustrated 
by reference to the formation of sodium chloride from its component 
elements, thus— 

Na + . Cl .* -> Na + + *C1 

• • • • 

1 electron in 7 electrons in 

outermost shell outermost shell 

In the reaction quoted above, the electrically neutral sodium atom has 
transferred the single electron in its outermost shell to the chlorine atom, 
which already has seven electrons in its outermost shell, so as to allow of 
the chlorine atom completing its octet. Both types of atoms now have 
eight electrons in their outermost orbits and so have attained the stability 
of an inert gas. Since the sodium has lost unit negative charge (i.e. an 
electron) the residue exhibits a positive charge; in fact it is the sodium ion. 
In a similar manner, since the chlorine atom has gained an electron it 
therefore exhibits a negative charge and constitutes what is known as the 
chlorine ion. In the solid state a crystal of sodium chloride consists of a 
three-dimensional assembly of equal numbers of sodium and chlorine 
ions and the stability of these ions, as illustrated by their inert nature 
when sodium chloride dissolves in water, and when the salt is melted 
or even boiled so as to convert the material into the vapour state, may be 
attributed to the attainment of the inert gas structure by the two ions under 
consideration. 


68 


THE ELECTROVALENT BOND 


69 


When fused sodium chloride or an aqueous solution of this salt is 
electrolyzed the sodium ion migrates to the cathode (i.e. the negative pole) 
during electrolysis and is therefore termed a cation. The negatively- 
charged chlorine ion migrates to the anode (i.e. the positive pole) during 
electrolysis and is known as the anion. 

Similarly, the atoms of the elements in Group 11 of the Periodic Table, 
having two electrons in their outermost shells or quantum levels, can lose 
these electrons to form bipositive ions (e.g. Mg ++ , Ba ++ , Ca ++ ), and 
likewise certain elements in Group III form terpositive ions (e.g. Al +++ ). 
Thus, ionic compounds are formed between some of the strongly metallic 
elements which occur in Groups I, II and III of the Periodic Table and 
the non-metals at the extreme right of the Periodic Table. This is further 
exemplified by the formation of calcium chloride and calcium sulphide. 
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In addition, however, the formation of ionic compounds also occurs 
between the cations of the strongly metallic elements and the anions of 
acids, particularly oxygen acids. The chief oxygen acids and their corres¬ 
ponding anions are given in Table 10. 

Table 10 


The Chief Oxygen Acids and their Anions 


Name of Acid 

Formula 

Name of Anion 

____ | 

Formula 

Nitric acid 

Chloric acid 

Perchloric acid . 1 

Sulphuric acid 

Sulphurous acid 

Carbonic acid . 

Phosphoric acid 

Silicic acid 

hno 3 

HC10 3 

hcio 4 

h 2 so 4 

H 3 S 03 

H 2 COo 

h 3 po 4 

H 4 Si0 4 

Nitrate 

Chlorate 

Perchlorate . . . ! 

Sulphate . . 1 

Sulphite 

Carbonate . 

Phosphate . 

Silicate 

NCY 

C10 3 ' 

cio 4 ' 

SO/' 

so 3 " 

CO," 

po/" 

sio 4 "" 
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The ease of ion formation bears some relation to the size of the atom. In 
the case of small atoms, electrons from the outermost shell are the only 
ones undergoing transfer, but in the case of heavier atoms the shell under¬ 
neath the outermost shell may also lose electrons; e.g. in the formation 
of the Cr + H ion, two electrons are taken from the outermost shell and one 
electron from the shell immediately underneath. Such metals therefore 
form ions which do not possess the inert gas structure. It should be noted 
however that as the number of electrons in the outermost shell increases, 
greater difficulty is experienced in effecting electron transfer; in fact, the 
tendency is to gain electrons to attain a stable octet like the inert gases. 
This is, of course, most pronounced in the case of the halogens. 

From the foregoing discussion it will be noted that a substance is a 
metal, or exhibits metallic properties when it forms positive ions by loss 
of valency electrons. The characteristics of the electrovalent bond may be 
enumerated as follows— 

(1) In the electrovalent bond the ions are held together by electrostatic 
forces. 

(2) Although in electrovalent compounds no definite structural bond 
exists, the presence of the strong electrostatic field makes it more difficult 
to separate molecules of electrovalent compounds than those of covalent 
compounds with the result that electrovalent compounds are solids whose 
melting points and boiling points in the great majority of cases are higher 
than those of covalent compounds. Thus, for example, the solid, sodium 
chloride, a typical electrovalent compound has a boiling point of 1490°C 
whilst the boiling point of the liquid covalent compound, carbon tetra¬ 
chloride is 76°C. 

(3) Electrovalent compounds are usually soluble in abnormal liquids 
like water, in which they dissociate into individual ions. Electrovalent 
compounds do not readily dissolve, however, in normal liquids such as the 
covalent liquids ether and benzene. 

THE COVALENT BOND 

The essential feature of the covalent bond, also known as the homopolar 
bond, is the sharing of electrons without the formation of ions. 

In the formation of covalent bonds two important points should be 
noted, namely— 

(i) the sharing of electrons in pairs, each electron pair or “duplet” 
being equivalent to one conventional chemical bond, and 

(ii) the acquisition by each atom of eight electrons—an “electron octet” 
—in its outermost shell, which thus corresponds to the electronic structure 
of one of the inert gases. Hydrogen is an exception to this general state¬ 
ment since it acquires the structure of helium for which only two electrons 
are necessary. 

The Hydrogen Molecule. The simplest example of the covalent bond is 
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provided by the hydrogen molecule for which the electronic structure may 
be shown as H*H which indicates that the two electrons are shared by the 
two hydrogen atoms making up the hydrogen molecule. The very great 
strength of this bond is shown by the fact that in order to separate the two 
individual atoms in a single hydrogen molecule a very considerable amount 
of energy is required (i.e. 103*4 k.cal/mol*). A hydrogen atom can therefore 
attain the stable electronic structure of the inert gas helium by sharing an 
electron pair (a duplet) with another hydrogen atom, the shared pair being 
counted first for one atom and then for the other. 

The Halogen Molecules. The halogens possess an electronic configura¬ 
tion in which there are seven electrons in their outermost shells (or 
quantum levels) and lacking only one electron in order to attain the 
structure of an inert gas. This structure may be attained by one halogen 
atom forming a single covalent bond with another halogen atom and it is 
this bond which holds together the diatomic halogen molecules in the 
solid, liquid and gaseous states. 

In the “electron-dot” notation these bonds may be depicted as follows_ 


v 




Cl 
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XX 

CIS 

XX 


or 



Br 


XX 

Br£ 

XX 


or 




XX 



XX 


or 



Sulphur and Elements of Group VI. An atom of sulphur requires two 
electrons to complete its octet. This may be done by one sulphur atom 
forming single covalent bonds with two other sulphur atoms, so holding 
together the atoms either in a ring of eight sulphur atoms, see (A) below, 
forming the S 8 molecule, or alternatively in the form of a long chain of 
large numbers of sulphur atoms, see (B), p. 72. The so-called “plastic 
sulphur” is composed of sulphur atoms in the long chain type of structure, 
whilst other forms of sulphur are composed of S« molecules. 







i 





* Compare this value with 57-8 k. cal/mol, the energy liberated when 
Hydrogen is oxidized to water according to the equation— 

H 2 4- J0 2 -> HoO (gas) 


molecular 
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In a similar manner, the element selenium crystallizes either as red 
crystals made up of Se 8 molecules, or as grey crystals built up of crystals 
containing long chains similar to those occurring in plastic sulphur. 
Likewise, in tellurium crystals there is also present the long chain type of 
crystal structure. 

Gaseous oxygen is composed of diatomic molecules and it might be 

thought that in order to complete the octet for each atom, two electron 

pairs would be shared between the two atoms, in other words a double bond 

• • •• •• •• 

might be present, thus, ! O *. : O : or ; O = O , but this is not the 

case. Instead, only one pair of electrons is shared between the two atoms, 
leaving two unpaired electrons as follows— 

• • • • • • 

: o : o : or : o — o : 

• • • • • • 

Nitrogen and Elements of Group V. The nitrogen atom requires three 
electrons to complete its octet and this is attained by the formation of 
three covalent bonds, three electron pairs being shared by two nitrogen 
atoms, thus— 

: n : : : n : or : n = n : 

This bond is a very strong one and the nitrogen molecule is correspondingly 
a stable molecule. 

The phosphorus molecule is composed of four atoms each forming 
covalent bonds with its three partners, the molecule itself having a 
tetrahedral structure. 

Carbon and Elements of Group IV. The atom of carbon, with its deficit 
of four electrons necessary for completion of its octet, can attain the inert 
gas structure by forming four covalent bonds. This it does in the diamond 
in which each atom is linked to four neighbouring atoms sited at the 
corners of a regular tetrahedron (see Fig. 18), and since these bonds are 
very strong, this assembly of atoms constitutes a hard substance. It is 
well known that the diamond is the hardest substance known to man. 

On the other hand the atoms of carbon in graphite are arranged in a 
structure in which each atom has three near neighbours being bonded to 
two by single covalent bonds and to the third by a double covalent bond, 
as in Fig. 19. 

The tetrahedral arrangement of the four carbon atoms in the diamond to 
which reference has just been made is not merely a coincidence but is the 
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expression of an important property exhibited by the octet, namely that 
the four electron pairs, whether shared or not, tend to arrange themselves 
in space at the corners of a regular tetrahedron. Silicon, germanium and 
grey tin also crystallize with the diamond structure. White tin and lead 
have metallic structures. 

Summarizing the foregoing facts, in the formation of covalent bonds the 
structures possessed by stable molecules are such that each atom attains 
the electronic structure of an inert gas, or some other stable electronic 



Fig. 18. The Tetrahedral 
Arrangement of Carbon 
Atoms in the Diamond 






\ 


v 

v 


I 


/ 



Fig. 19. Arrangement 
of Carbon Atoms 
in Graphite 


configuration, the shared electrons being counted for each of the atoms 
involved in the bond. 


Resonance (or Mesomerism) 

From the electronic structure of ozone (see below) it will be noted that one 
of the end atoms completes its octet by sharing only one electron pair, 
whilst the central oxygen atom forms three covalent bonds—one double 
bond and one single bond. From experimental considerations, however, it 
is known that these two oxygen bonds in ozone are not different but are 
equivalent, and this is explained by the assumption of a hybrid structure, 
in other words, each of the covalent bonds in ozone is a hybrid between a 

S1 , n g le bond and a double bond so that its properties are of intermediate 
character. In this connexion it is usual to state that in ozone the double 
bond resonates" between the two positions. 

When writing structural formulae in such cases as ozone the various 
electronic structures are written within brackets, thus_ 
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so indicating that the electronic structure is a hybrid structure of two or 
more structures. 

The phenomenon of resonance is also displayed in chemical compounds 
as well as in elemental structures. 


The Electronic Structure of Covalent Compounds and Radicals 

As well as forming molecules containing the same atoms, atoms may 
combine to form covalent compounds; methane, CH 4 , may be depicted by 
the following tetrahedral covalent structural formula— 

H H 

• X J 

H^CxH or H—C—H 

X • I 

H H 

and similarly, chloroform, CHC1 3 , as follows— 



h * c x ci: 

X • 

: ci: 


or 



h— c—ci: 



• • 


Although these molecules are depicted in the two dimensions of the 
printed page, it is important to appreciate that in actual fact the octet 
electrons assume the tetrahedral form, and therefore a three-dimensional 
model is requisite for complete description. Other examples of molecular 
structures are shown below. It will be noted that whilst resonating struc¬ 
tures are enclosed within “curly” brackets, complex ions are enclosed 
within square brackets. 


H 


X 


o xH 


or 


Water 


H 


O—H 


n / 


O—H 


H 


O—H 


H 


+ 


Hydroxyl ion occurring Hydroxonium ion occur- 
in basic solutions ring in acid solutions 


H 


H 


C=C 


H H 

Ethylene 


H— C=C —H 

Acetylene (Linear 
molecule) 


: o=c=o: 


: o=c—o: 


: o—c=o: 


Carbon dioxide (Linear 
molecule) 
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From the examples quoted above the general characteristics of the covalent 
bond may be enumerated as follows— 

(i) The covalent bond is rigid and directional so that the molecules have 
a definite shape. Thus atoms of the molecule can neither part company, 
nor change their positions within the molecule without the molecule 
undergoing chemical decomposition. Covalent bonds are much stronger 
than electrovalent bonds. 

(ii) Since in the formation of covalent bonds all the atoms retain their 
electrical neutrality, the molecule exhibits little external field of force, and 
covalent compounds, therefore, are either gases, or alternatively solids or 
liquids which are capable of easy volatilization. In general, covalent 
compounds exhibit lower melting points and boiling points than electro¬ 
valent compounds. 

(iii) Covalent compounds are usually only slightly soluble in abnormal 
liquids such as water which cause dissociation; they are however soluble 

in normal liquids (e.g. ether, benzene). Covalent compounds are non¬ 
electrolytes. 

The structural formula for the gaseous compound, ammonia, is— 

H 

• x. 

h * n : 

X . 

H 

from which it will be noted that two electrons in the octet for nitrogen 
are unshared with the hydrogen atoms; such an unshared pair (shown 
within the dotted line) is termed a “lone pair.” Similarly, there also exists 
a lone pair in phosphorus trichloride as shown below. 

XX 

X f"1 X 

X X 

. X 

XX 

2 Cl * P : 

XX 

• X 

X c I x 

X X 

xx 

THE CO-ORDINATE LINK 

The co-ordinate link, known variously as dative covalency, the dative 
bond, and the semi-polar bond, is a variety of the covalent bond in which 
oth eleclro^ con^iiuiing die duplet are supplied by one atom, the terms 
donor and acceptor being employed to describe the two atoms or 
molecules involved in a dative bond. Thus, atoms or molecules with lone 

elect S ran^° n ,? rS k Wh u St th ° Se at ° mS ° r molecules whlch do not contribute 
electrons to the bond are acceptors. An arrow is often used in structural 
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formulae to indicate in which direction donation of the electron pair has 
proceeded. 

In the formation of the ammonium ion from the ammonia molecule and 
a hydrogen ion, the nitrogen atom acts as donor of an electron pair to the 
hydrogen ion, as follows— 

H 

• X 

H * N : -* H+, or H 3 N -> H+ that is (NH 4 )+ 

X • 

H 


Another example is provided by sulphur trioxide which has the structural 
formula 


X X 

X o x 


X X 

X o x 

X X 

• • 


II 

s 

or 

S 

• • 

X • • X 


X ^ \ X 

x O O x 

x X x w X 

XX XX 


x O O x 

X ^ X X ^ X 

XX XX 


The double bond between the central sulphur atom and the oxygen atom 
is unstable, but on reaction with water, to form sulphuric acid, this double 
bond is replaced by two single bonds with increased stability as indicated 
by the large quantity of heat liberated during this reaction. 
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X ✓ \ X 
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or 


(so 4 r 


Electrons from hydrogen 
atoms shown thus, Q. 

In aqueous solution the two hydrogen atoms ionize, leaving behind the 
divalent sulphate radical on which there now reside two negative charges 
since the two electrons, previously part of the two hydrogen atoms, have 
been left as part of the radical on the hydrogen atoms becoming hydrogen 
ions. The formation of sulphuric acid by the chemical union of sulphur 
trioxide and water thus provides an example of an acid with a covalent 
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structure whose metallic salts are ionic in character. The structures of 
other oxygen acids (see Table 10, p. 69) are capable of description in a 
similar manner to that given above. 


Distinction between Electrovalent and Covalent Compounds 

The readiness with which metals form ions is chiefly determined by two 
factors— 


(a) The number of electrons in the outermost shell (the valency electrons) 
of the metal atom. 

(b) The atomic volume of the metal. 

The higher the valency of a metal, the greater will be the number of 
electrons in the outermost shell. Now, since the positive charge resident 
upon the nucleus remains unaffected by the removal of electrons, its 
attractive effect will progressively increase with the removal of each 
successive electron. It follows that when there are a number of electrons in 
the outermost shell, the removal of electrons will become progressively 
more and more difficult with the loss of each successive electron^ 

The larger the atomic volume of an atom, the less strongly will the 

positively-charged nucleus be able to hold the electrons in the outermost 

shell (i.e. the valency shell); in other words, the more readilv will such an 

atom lose one or more electrons to become an ion. Such is'the case with 
the atoms of a large number of metals. 

Although it is possible, by the loss of several electrons, for certain metal 
atoms to form polyvalent cations up to a maximum valency of four (e e 
tin forms the tetravalent stannic ion, Sn++++), the formation of polyvalent 
anions is extremely difficult since for the acquisition of each additional 
e ectron the attractive force exerted by the nucleus on each individual 
electron becomes progressively smaller. It is for this reason that the 
maximum valency for a simple anion is found to be two. 

Employing considerations such as those discussed above, Faians has 
related the occurrence of the electrovalent and the covalent bonds to the 
position of an element in the Periodic Table. Fajans has suggested that 
with decreasing size and increasing charge of the positive ion, and with 
increasing size of the negative ion, there is an increasing tendency for a 
compound to be covalent rather than electrovalent. Expressed in another 
ay the various conditions tending to give rise to either electrovalent 
onds or to covalent bonds in compounds are as follows_ 


Electrovalent Bond Favoured by 

Large atomic volume of cation 
Small atomic volume of anion 
Small charge on either ion 


Covalent Bond Favoured by 

Small atomic volume of cation 
Large atomic volume of anion 
Large charge on either ion 
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Influence of Solvation upon Nature of Chemical Bonding 

The chemical properties of covalent compounds in the pure state are 
often very different from the chemical properties of the same substance in 
solution. These differences are due to the effect of solvation. For example, 
pure hydrogen chloride is a covalent compound, but in aqueous solution 
it suffers hydration (i.e. solvation by water) and behaves as a compound 
with pronounced electrovalent characteristics, the two ions present being 
the hydrated hydrogen ion, that is the hydroxonium ion, H 3 0+, and the 
chloride ion, Cl . The change from covalent to electrovalent characteris¬ 
tics is no doubt due to the increase in the size of the cation by virtue of its 
hydration. 

Pure sulphuric acid is also a covalent compound, but in aqueous solution 
the two hydrogen atoms present in each molecule of sulphuric acid suffer 
hydration and become hydroxonium ions with the result that electrolytic 
dissociation occurs and the solution contains hydroxonium ions and 
sulphate ions. 

THE ELECTRONEGATIVITY SCALE 

The power of attraction of atoms for electrons in a covalent bond is 
termed the electronegativity of the element. From the observed heats of 
formation of compounds the electronegativity scale has been drawn up as 
shown in Table 11. This electronegativity scale is of value in determining 
the type of bonding existent in chemical compounds. 

In general, the greater the quantity of heat evolved in a chemical reac¬ 
tion, the greater the strength of the chemical bond established. This may 
be illustrated by reference to the heats of formation of the hydrogen 
halides as follows— 

H 2 4- F 2 - 2HF -f 128 k.cal 
H ‘2 + Cl 2 -> 2HC1 -f 44T2 k.cal 
H 2 + Br 2 (g) —> 2HBr -f 24-95 k.cal 
H 2 + ^(g) “*■ 2HI + 3-09 k.cal 

Thus the greater the separation of two elements on the electronegativity 
scale, the greater is the strength of the bond between them. If two elements 
are separated by 1*7, the bond possesses approximately 50 per cent electro¬ 
valent character. If the separation is greater than 1-7 the electrovalent 
structure should be used for the compound, whilst conversely, for 
numerical values less than 1-7 the employment of the covalent structure 
would seem to be more appropriate. 

The Partial Ionic Character of the Covalent Bond 

It is sometimes difficult in the case of a compound to decide whether the 
bonding is due to electrovalent bonds or to covalent bonds. For example, 
in the case of the first short period of the Periodic Table, the first five 


Table 11 


Electronegativity Values for Selected Elements 


Group in Periodic 
Table 


Element 


Electronegativity 

Value 


111 


IV 


VII 


Hydrogen 

Lithium 

Sodium 

Potassium 

Rubidium 

Caesium 

Beryllium 

Magnesium 

Calcium 

Strontium 

Barium 

Boron 

Aluminium 

Scandium 

Ytterbium 

Carbon 

Silicon 

Titanium 

Zirconium 

Germanium 

Tin 

Nitrogen 

Phosphorus 

Arsenic 

Antimony 

Oxygen 

Sulphur 

Selenium 

Tellurium 

Fluorine 

Chlorine 

Bromine 

Iodine 


2-1 

10 

0*9 

0-8 

0-8 

0-7 

1-5 

1-2 

10 

10 

0-9 

20 

1*5 

1-3 

1- 3 

2- 5 
1-8 
1-6 
1-6 
1-7 

1- 7 

30 

2 - 1 
20 
1-8 

3- 5 
2-5 
2-4 
2-1 

40 

30 

2-8 

2-4 
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elements are lithium, beryllium, boron, carbon and nitrogen. The salt, 
lithium chloride, LiCl, formed from a strongly metallic element and a 
strongly non-metallic element is clearly, in the light of the previous dis¬ 
cussion, an electrovalent compound containing the two ions Li+ and Cl'. 
On the other hand, the oily compound nitrogen trichloride, NC1 3 , most 
definitely possesses the covalent structure 



But between these two compounds there exist the three chlorides beryllium 
chloride, BeCl 2 , boron trichloride, BC1 3 , and carbon tetrachloride, CCI 4 , 
and the question arises as to when the electrovalent bonding ceases and 
covalent bonding commences. In actual fact the transition from the normal 
electrovalent bond to the normal covalent bond is a gradual one and 
although beryllium chloride and carbon tetrachloride are electrovalent and 
covalent compounds respectively, and may therefore be represented as 
such, the structure of the boron trichloride molecule is best represented as 
a resonating structure, thus— 



Thus, in boron trichloride, although covalent bonds may be shown, they 
exhibit, to some extent at least, ionic characteristics. Such bonds are 
often termed “covalent bonds with partial ionic character.” 

The Covalency Maximum 

Although the “Octet Rule” holds in the case of elements of low atomic 

weight in that the maximum number of electrons capable of existence in 

the outermost electron shell is limited to eight, this is not the case as one 

proceeds to elements of higher atomic weight found later in the Periodic 

Table. If the essential feature of a covalency bond is to be retained, 

namely the sharing of electrons in pairs or duplets, then it is necessary to 
expand the valency group. J 

Thus, if the structnre of phosphorus pentachloride is depicted as a 
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covalent compound, the central phosphorus atom is surrounded by ten 
electrons, as shown at (A). 

Similarly, in sulphur hexafluoride, the central sulphur atom is surrounded 
by twelve electrons ( B ). Sidgwick has suggested that the maximum number 
of covalencies which the elements may exhibit are as shown in Table 12 (see 
below). 
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Table 12 


Maximum Covalencies of the Elements 


Elements in Order of 
Increasing Atomic Weight 

Maximum Number of 
Covalencies 

Hydrogen .... 

1 

Lithium to fluorine . . j 

4 

Sodium to yttrium. 

6 

Zirconium to uranium . 

8 (With possibly 
ten in the 
heavier ele¬ 


ments) 


CO-ORDINATION COMPOUNDS 

fn depicting the structure of many complexes it is necessary to assume an 
increase in the number of covalency bonds if the existence of the duplet is 
0 he assumed. In this connexion it has been shown that there is a tendency 
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for certain atoms to link themselves to a definite number of other atoms, 
radicals or groups, irrespective of their valency; the maximum number of 



of 4-co-ordinated Compounds 


groups which may thus be added being known as the “co-ordination 
number”; usually this is four or six, so that one speaks of 4-co-ordination 
and 6-co-ordination compounds. For example, in the case of the ferro- 
cyanide ion, the element iron exhibits 6-co-ordination. The ferrous ion 



Fig. 21. Structure of Ferrocyanide Ion 


//// 


has two electrons of its own, represented by crosses (in Fig. 21), which, 
with the two electrons (represented by dots) from two cyanide radicals (say 
from potassium cyanide), form two covalent bonds. In addition, four 
further cyanide radicals are taken up by the central iron atom (from 
potassium cyanide as before), but since each of these radicals possesses 
only one electron (represented by squares), four extra electrons (repre¬ 
sented by open circles) must be transferred at the same time from the four 
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potassium atoms involved in the reaction to form the co-ordination 
complex. These last four bonds are dative bonds. 

The structures of many complexes have been investigated by Werner who 
has shown that 4-co-ordinated complexes may exhibit either a planar or a 
tetrahedral structure (see Fig. 20), whilst 6-co-ordinated complexes must 
be octahedral as shown in the case of the ferrocyanide ion (see Fig. 21). 

By means of such structures Werner has been able to demonstrate the 
existence of isomers. For example, there are two complexes to which the 
following formula may be given, [Co(NH 3 ) 4 Cl 2 ] + ; one isomer is green in 
colour whilst the other is violet. These two structures are shown below 
(see Fig. 22). 
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Fig. 22. Violet and Green Forms of Cobaltammine Compound 



CHAPTER 5 


THE GASEOUS STATE 

A gas is characterized by its marked sensitivity to undergo a change of 
volume should its temperature or pressure be varied, and also by the fact 
that it possesses no boundary surface, as do liquids and solids, with the 
result that it tends to fill completely any space within which it is confined. 

THE KINETIC THEORY OF GASES 

Many of the characteristics of gases, such as those mentioned above, 
suggest that gases are composed of molecules in a state of rapid motion. 
This motion accounts for the absorption of heat by the gas. Gaseous 
molecules are free to move about and for the most part do not exert any 
appreciable influence upon their neighbours. It is well known that the 
increase of pressure leads to a reduction in the volume of a gas, and the 
very great extent to which this may be carried out suggests that the volume 
occupied by the molecules is only a very small fraction indeed of the whole 
volume of the gas. As stated above, the molecules of a gas are in a state of 
rapid vibration in the process of which they are continually striking the 
walls of the containing vessel. The force of these impacts gives rise to the 
pressure exerted by the gas. 

These general ideas may be expressed more precisely in mathematical 
form by means of the Kinetic Theory of Gases. 

In a cubical vessel with sides / cm long let there be n molecules of gas, 
each of mass m , and let the pressure of the gas be p. Then if there are n 
molecules which at any given instant have velocities c v c 2 , c 3 , . . . c n 
the so-called root mean square velocity , which is used instead of the average 
velocity of the whole group of molecules, is given by the expression— 

c = (cy* 4- Co 2 4- c 3 2 4- ... c n 2 ) . . . (1) 

where c = root mean square velocity. 

The root mean square velocity may be regarded as made up of three 
component velocities, *, y and z, parallel to the sides of the cubical vessel, 
ABCDEFGH (Fig. 23), and these are related to the root mean square 
velocity by the equation (1). 

« *2 4- / 4. z* . (2) 

Suppose a particle starts with a velocity * from the face A BCD. It will 
ultimately strike the face EFGH and be reflected back again in the opposite 
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direction. Since the mass of the particle is m and its velocity a\ its momen¬ 
tum just previous to striking face ABCD will be nix and after striking face 
EFGH its momentum will be — nix since the particle is moving in the 
reverse direction; therefore the change of momentum during each impact 
is 2nix. However, the force exerted upon the walls of the vessel is measured 
by the rate of change of momentum. Therefore, since the particle is 
moving with a velocity a, and no loss of time occurs during collisions, it 
will strike the face EFGH (or the opposite face, ABCD) x/l times per 
second, so that the change of momentum giving the force exerted on the 
faces ABCD and EFGH is 2 nix x x/l = 2nix 2 /l. 

Arguing in a similar manner, if the particle possessed only the component 
y, of its velocity, it would exert a force of 2 my 2 /1 on the faces ABFE and 
DCGH ; and if it only possessed the 
component z, it would exert a force 
2 mz 2 /l on the faces AEHD and BFGC. 

Adding all these forces together the 
total force exerted by one molecule 
on all the six faces of the cubical 
vessel is 2m(x 2 + y 2 + z 2 )// = 2 me 2 // 
where c = root mean square velocity. 

If there are n particles present, and 
neglecting the effect of collisions of 
the molecules with one another as far 
as effects on the walls are concerned, 
the total force upon the walls is 
2 nine 2 /1 . Therefore the pressure (or 


B 





Fig. 23. Diagram illustrating 
Development of Fundamental 
Kinetic Equation 


force per unit area) is evaluated by dividing this quantity by the area of 
the six faces, that is 6/ 2 , thus— 


Pressure = 


2 nmc 2 
l x 6/ 2 
2nmc 2 

W 


and, if / be the volume of a cube, V, which is the volume occupied by 
g.mol, then n = the Avogadro number, and 


Pressure = 


*> 
i» 


nmc 


• • 


and 


PV ^ ^ nmc 2 
PV= \Mc 2 


(3) 

(3a) 


bonded, fundame " tal kinetic equation. Although equation (3) has 
educed for a vessel of cubical shape it may be extended to a vessel 
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of any shape, since the latter may be considered as made up of a number of 
small cubes. The pressures on the interior cube faces neutralize one another 
and so do not influence the pressure on the exterior faces of the outer 
cubes, which when added together constitute the boundary face of the 
containing vessel at which the gas pressure is measured. 

Deductions from the Fundamental Kinetic Equation 

Boyle’s Law. If a gas is maintained at constant temperature within a 
closed vessel, it neither gains nor loses energy, so that the mean square 
velocity c 2 , remains constant, and obviously n and /;?, the number and mass 
of the gas molecules, must also be constant. Thus, equation (3) may be 
rewritten— 

PV = a constant 

This is the mathematical expression of Boyle’s Law which has thus been 
deduced from the kinetic theory of gases. 

Charles’s Law. Equation (3) may be rewritten as follows— 

= | x b nmc 2 

/ 

By definition kinetic energy is given by the expression \mc 2 so that for 
n molecules the kinetic energy is \nmc 2 . But by the gas equation 

PV = RT (for 1 g.mol.) . . . . (4) 

Therefore § x b nmc 2 = RT 

or, § (kinetic energy of the molecules) = RT 

Therefore, kinetic energy of the molecules = -§ RT . . (5) 

or, in words, the kinetic energy of the gas molecules is proportional to the 
absolute temperature. This obviously is the interpretation of Charles’s 
Law in terms of the kinetic theory. The temperature of a gas may therefore 
be measured by the average kinetic energy of translation of its molecules. 
The term “translation” is included in order to exclude other forms of 

kinetic energy (e.g. energy of rotation). 

Avogadro’s Hypothesis. If equal volumes of two gases at the same 
temperature and pressure are allowed to mix there is in most cases no 
change in temperature. Therefore, the average kinetic energy of the mole¬ 
cules must be the same for both gases. Thus, if these equal volumes contain 
in the case of one gas, molecules of mass and velocity c l9 whilst in 
the case of the other gas there are n 2 molecules of mass m 2 and velocity c 2 , 
then, recalling that the kinetic energies are equal, 

\m x c 2 = bm 2 c 2 . . . • (6) 

But since equal volumes of the two gases were taken, both at the same 
pressure, then— 


P1 V 1 = P2 V 2 


(7) 
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and, therefor 





Dividing (7) by (8), it follows that 


\n 2 m 2 c 2 - 



”i = ^2 

or, expressed in words, equal volumes of different gases at the same tem¬ 
perature and pressure contain the same number of molecules. This, it will 
be recalled, is the verbal expression of Avogadro’s Hypothesis (see p. 9). 

Graham’s Law of Diffusion. It has previously been established (see p. 85) 
that— r 

PV=*$nn ic 2 .(3) 


nrn 

but, since density, d, is equal to weight per unit volume, that is, nm/V then 



3 P 
d 



Therefore 



c cc 1 / V d . 



Therefore, at constant pressure and temperature the velocity of gas 
molecules is inversely proportional to the square root of the density of 
e gas. The rate of diffusion of a gas escaping from a small orifice 
iough a porous plug is obviously dependent upon the velocity with 
wnich the gas molecules are moving, the term c in equation (9). The 

thcor y °f gases thus accounts for Graham’s Law of Diffusion 

t S ates rate diffusion of a gas is inversely proportional 

to the square root of its density. 

v ^' an VeIocity Molecules. The substitution of the appropriate 

- ! n e 9 uat, °n (9) permits of the evaluation of the mean velocity of 

oxvwn i ^ a . gaS * Takin g oxygen as example, the mean velocity of 
oxygen molecules is— 3 


3 x 1 014 000 
0001429 


— 46 100 cm/sec (0-3 miles/sec) 
since P = 1 atmosphere = 76 cm of mercury 
= 76 x 13-6 x 981 dynes/cm 2 
*= 1 014 000 dynes/cm 2 
d •= 1-429 g/litre = 0 001439 g/cm s 

«~fT-447) 
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Specific Heats of Gases 

It has already been shown (see equation (5), p. 86) that 

kinetic energy of gas molecules = f RT 

Thus, if one gramme molecule of a gas is heated within a closed vessel 
from T C K to (T + 1)°K, then the kinetic energy undergoes a corresponding 
increase from § RT to §R(T + 1), an increase of 4R or 3 cal., since 
R is equal to 2 approximately. 

Now the specific heat of a gas is the number of calories which must be 
supplied to raise the temperature of one gramme of the gas through 1°C, 
and the molecular heat of a gas is the number of calories which must be 
supplied to raise the temperature of one gramme-molecule of the gas 
through 1°C. 

If the only effect of application of heat is to increase the energy of 
translation of the molecules then the molecular heat at constant volume, 
C v , should be equal to 3 cal. for all gases as derived above. It must be 
remembered, however, that many molecules are polyatomic and some of 
the energy will be associated with other forms of energy, such as that 
associated with the rotation of the molecule, and with the vibration of the 
atoms within it. The molecular heat of a polyatomic gas is therefore 
described by the following expression— 

C v = 3 4- x cal. . . . .(11) 

in which * represents the number of calories absorbed in increasing the 
rotational and vibrational energies of the molecules contained in one 
gramme-molecule of the gas. The value of .v will vary from gas to gas, its 
value increasing with the increasing complexity of the gas molecule. 

If one gramme-molecule of a gas maintained at constant pressure 
has its temperature raised by l c C, then the heat imparted to the gas 
increases the kinetic energy of the molecules, the rotational and vibrational 
energies of the molecule and also provides energy equivalent to the work 
performed by the gas when it expands against the pressure to which it was 
subjected, since if the gas is heated at constant pressure instead of at 
constant volume then it must expand during the heating process. Thus, the 
molecular heat of a polyatomic gas at a constant pressure, C p , is described 
by the expression— 

C p = 3 x IV . . . .(12) 

in which W represents the work performed, expressed in calories, by the 
gas against the constant pressure when its volume is increased by an 
increment corresponding to a rise in temperature of 1°C. 

If it be imagined that the gas is confined within a vessel closed by a 
movable piston held down by the pressure, P, then by application of the 
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gas equation, PV = RT y the expansion of one gramme-molecule when 
heated through l c C is— 

V R 


and since, W (work done) = Pressure x Increase of volume 


then W = P x — 

= ^ cal. 

2 

Thus, the molecular heat at constant pressure, C p , for one gramme- 
molecule of an ideal gas is given by the expression— 

C p = 3 -t- 2 cal. 

= 5 cal. 

In this evaluation, however, the heat used up in performing internal work 
upon the gas molecules has been neglected so that for the general case it 
is necessary to state that 

C p = 5 + x cal. . . . . (13) 

in which * represents the number of calories absorbed in increasing the 
rotational and vibrational energies of the molecules contained in one 
gramme-molecule of the gas, the value of x increasing with increasing 
complexity of the molecule. 

!f S v represents the specific heat of a gas at constant volume, S p the 

specific heat at constant pressure and M the molecular weight of the gas, 
then 

C v = S V M and C p = S P M 


therefore, 


Cp = SpM Sp 
C v S V M S v 


• (14) 


or, in words, the ratio of the molecular heats of a gas is equal to the ratio 
of the specific heats of the same gas. 

Since C v is equal to g R and C n - C, is equal to R (i.e. 2), it follows that 
is \)R and the ratio of the molecular heats (or the specific heats) of an 
ideal gas, often represented by the symbol, y, should be 


For real gases, however 


y = I" = i = 1666 


C p 5 4- x 
C„ 3 + x 
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so that as the value of x increases, the value of y decreases, and, for very 
large values of a:, y becomes equal to nearly unity. Table 13 gives some 
typical values for C v C v and for y. 

Table 13 


Molecular Heats of Gases 


Gas 

Cp 

(calories) 

i 

Q 

(calories) 

uV 

ii 

Helium . . . . . 1 

4-97 

2-98 

1-69 

Argon . . . . I 

4-97 . | 

2-98 

1-67 

Hydrogen . . . . . 1 

6-86 

4-87 

1-41 

Oxygen . . •. . I 

1 7-04 

5-04 

1-40 

Nitrogen 

6*93 

4-93 

1-41 

Carbon monoxide . . . . I 

6-94 ♦ 

4-94 

1-40 

Chlorine ..... 

8-04 

5-93 

1-36 

Carbon dioxide .... 

8-79 

6-75 

1-30 

Ammonia ..... 

8-74 

6-67 

1-31 

Acetylene ..... 

8-88 

6-83 

1-28 

Ethylene ..... 

10-25 

8-20 

1-25 

Ethane ..... 

11-47 

9-40 

1-22 


From Table 13 it will be noted that the values of y for the inert gases 
helium and argon agree closely with that for an ideal gas and the heat 
applied in raising the temperature of these gases is therefore expended in 
increasing the translational velocity of the molecules, and not in increasing 
their internal energy. Other monatomic gases which behave in the same 
manner as helium and argon are the vapours of the alkali metals and of 
mercury. Diatomic gases have larger numerical values of C p and C v , but 
the internal work a: is still equivalent to approximately 2 cal., and the 
value fory therefore falls to } = 1-40; whilst for triatomic molecules the 
value of y is § = 1-33. For yet more complex molecules the value of y 
falls still further, approaching unity, so indicating that the heat absorbed 
within the molecule is very large compared with the work done externally 
by the gas undergoing expansion. 

Modifications of the Kinetic Theory for Real Gases 

Real gases do not behave in conformity with Boyle’s Law as is emphasized 
by Fig. 24, in which the values of PKat one atmosphere pressure are taken 
as unity in each case. Experimental work has shown that Boyle’s Law is 
not an exact law, but a limiting law which describes the behaviour of a 
gas more and more closely as the pressure is reduced. 
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From Fig. 24 it will be noted that for most gases at constant temperature, 

the pioduct PV at first decreases with increasing pressure, then passes 

thiough a minimum, and finally increases as the pressure rises to higher 

and higher values. Certain gases, such as hydrogen, helium and neon, are 

less compressible at ordinary temperatures than the “ideal” gas, but, as 

the temperature of these gases falls, the shape of the PV-P curve changes, 

and in each case eventually conforms to the general case in which, as the 

pressure rises, the numerical value of the product, PV, at first falls, then 

passes through a minimum and finally increases. In the case of gases 

composed of complex molecules the deviations from Boyle's Law become 
considerable. 

At low pressures all gases behave in nearly the same manner when 
subjected to variations ol temperature and pressure and the dependence 
ol the volume of a gas upon these two factors is expressed mathematically 
by the so-called “ideal” or “perfect” gas equation— 


PV = nRT 


■ (15) 


Whereas a hypothetically “perfect” gas obeys exactly the gas equation (15), 
real gases do not do so for two reasons. First, the gas molecules have 
themselves a definite size; in other words at very small intermolecular 
distances two gas molecules suffer strong mutual repulsion with the result 
that it is not possible for more than one molecule to occupy a certain 
traction of the vessel containing the gas. In order to allow for the space 
actually occupied by the gas molecules, van der Waals suggested that a 
correction term bn , known as the co-volume must be subtracted from the 

iTthuT(^ V^''b™’ V ' ‘ n the ‘ deal g3S CqUation ’ (15) - The corrected volume 

The second reason for real gases not obeying the “perfect” gas equation 
is to be found in the small attractive forces which gas molecules have for 
“ her ‘ In ‘he interior of a gas, a molecule is subjected to molecular 
rac ions equally m ail directions; consequently there is no resultant 

ra r „r VC Up0n the moletuie in question; on the other hand, in the 

force e ,!L°k UC at ‘ hC surface of the containing vessel, the attractive 
force ten Tf y d ei g hb °unng molecules is from one side only and this 

mokL Me Pk tHe mo,ecule triwards. Thus, at the instant any single 

addinp it I 0 " 6 POln ! ° f Strlkins the Wa " of thc containing vessel and so 

bodv o H are t0Wards ; he ,otal 2 as pressure, the molecules in the main 

MssfMrjr- ,h = ~ 

/nstamw.T.k ‘u® nUmber ° f m olecules striking the vessel wall at one 

attractive f a ° bc pi ° P °. rtlonal to the densii y ot the gas so that the total 
e force is proportional to the square of the density of the gas. The 
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net result is that the measured pressure—the term P of the gas equation—is 
less than the ideal pressure capable of calculation from kinetic theory, and 
a correction term P a , dependent upon these two factors, must be added to 
P. The “ideal” pressure is thus equal to (P + P a ). If V is the volume 
occupied by one mole of a gas, then the density, d, is proportional to n/V , 
and it follows that— 



oc c/ 2 cc 


// 


*> 


V 


2 




P + P a = P + 



. 07) 


where a — a proportionality constant. 

The term an 2 / K 2 is a measure of the attractive force of the molecules and 
is termed the cohesion pressure, it is of importance in connexion with the 
properties of liquids. 

The product of the “ideal pressure and volume of one mole of a gas 
should, therefore, be equal numerically to RT, in other words 


( P + -yi) ( V ~ h ") = "RT .(18) 

This expression, termed van der Waals ' equation, is one of the best-known 
equations of state for real gases. Some typical values for van der Waals’ 
constants are given in Table 14. 


Table 14 


Van der Waals ’ Constants in Litre-atmospheres per Mole 


j 

Gas 

—_ 

a 

h 

Gas 

a 

b 

Hydrogen 

Helium . J 

Nitrogen . i 

Oxygen 

Carbon dioxide 

0-245 

0-034 

1-38 

1-32 

3-66 

2-67 x 10 -2 

2- 36 x 10~ 2 

3- 94 x lO- 2 

3- 12 x 10~ 2 

4- 28 x 10~ 2 

Hydrogen chloride 
Ammonia . 
Ethylene 

Chlorine 

Sulphur dioxide . 

3- 8 
40 

4- 4 

5- 5 

6- 7 

4- 1 x 10~ 2 

3- 6 x 10” 2 

5- 6 x 10~ 2 

4- 9 x 10~ 2 

5- 6 x 10~ 2 


and ' r bC recalled that a “perfect” gas would strictly obey Boyle's Law 
uni. I fa r l 1S ' ndlcated in F 'g. 24 by the horizontal line drawn through 

from Rn?, ' 0r , 6 pr ° duCt> PV - A " real g ascs ’ how ever, show departure 

In thn y e r Law ' At very low pressures these deviations are negligible. 
nnsi.i, C » a r e °u P j ressures of a few atmospheres the deviations are shown to be 
if pi i hydrogen at 0 C, and negative for nitrogen also at 0°C. Thus 

surp U L V °' UmeS u 0f h >' dr °g en and nitrogen were taken at a very low pres- 
. raising the pressure of each of these gases to one atmosphere they 
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Air 


would be found to occupy different volumes. The hydrogen would occupy 
a greater volume than would a “perfect” gas at one atmosphere, whilst 
the nitrogen would occupy a less volume than that occupied by a “perfect” 
gas. Gases like hydrogen, which are less compressible than a “perfect” 
c A gas are termed “over-perfect” gases, whilst gases 

n like nitrogen are termed “under-perfect” gases. 

It will thus be apparent that at atmospheric 
pressure Avogadro’s Hypothesis is only approxi¬ 
mately true, holding good only at those very low 
C0 2 Air pressures at which, to all intents and purposes, 

real gases behave as “perfect” gases. 

In a similar manner it can be shown that Gay- 
Lussac's Law of Gaseous Volumes is only approxi¬ 
mately true at atmospheric pressure, but since 
deviations from this law are accounted for exactly 
by the deviations from Boyle’s Law it may be 
I* assumed that Gay-Lussac’s Law of Gaseous 

Volumes, like Avogadro’s Hypothesis, would be 
T T ~] strictl y obeyed by real gases at very low pressures. 

At higher pressures (i.e. over 300 atmospheres) 
nitrogen at 0 C, behaves similarly to hydrogen at 
n] O'C, in that it gives higher values for the product, 

ffl | I PV t than that given by a “perfect” gas. 

L|J tUfJ The effect of temperature variation upon the 

§ E shape of the PV-P curve is to be noted here. It 

1 M will be observed from Fig. 24 that the curve for 

l ii l J. Q I jj _ HI D nitrogen at 0 c C, exhibits a clearly marked minimum 

whilst the curve for this gas at 100°C does not 
Fig. 25. Andrews’ exhi5it a minimum. 

Apparatus for Deter- xhis cffect . tQ be obser ved even more clearly in 

for Carbon Dioxide the case of carbon dioxide which shows a minimum 

when at 100°C, whilst when at a temperature of 
17°C a sharp minimum is exhibited at 55 atmospheres at which pressure 
the gas liquefies. In general, the minimum on the PV-P curve becomes 
more clearly marked as the conditions are approached under which 
liquefaction occurs. Even gases like hydrogen, which at temperatures of 
0°C and above show a continuous increase of the product, PV, with 
increasing pressure, give at very low temperatures curves similar in type 
to that of carbon dioxide at room temperature. 

These deviations from the gas laws, therefore, seem to bear a close 
relationship with the phenomenon of liquefaction of a gas. 

The precise conditions necessary for the liquefaction of a gas were 
discovered in 1869, by Andrews, who investigated the influence of pressure 
and temperature upon the volume of carbon dioxide. The apparatus used 


Fig. 25. Andrews’ 
Apparatus for Deter¬ 
mining Critical Data 
for Carbon Dioxide 
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by Andrews and shown diagrammatically in Fig. 25 consisted essentially 
of two glass tubes, one containing carbon dioxide, C, the other containing 
air, A , each gas being confined by a small mercury thread, M. Both tubes 
were connected to a common compression chamber, B, containing water 
to which pressure could be applied by means of the screw plungers, P. 
The upper portions of the glass tubes were maintained at the same tem¬ 
perature. The volume of carbon dioxide at different temperatures and 



Fig. 26. Pressure-volume Curves for Air and for Carbon Dioxide 

pressures was determined, the values for the pressure being calculated 
iom the volumes of the air. The volumes of carbon dioxide—equal 
masses being employed in each case but at differing pressures—were then 
plotted in the form of isothermal curves, as shown in Fig. 26 Referring 
to the isothermal curve A BCD, at 13-1°C, it will be observed that from 
, to C as the pressure increases the volume decreases and the general 
rend of th.s portion of the curve A BCD is similar to the corresponding 

for r air at 13-1°C. except that the numerical value for the 
product, PV, is less for carbon dioxide than it is for air. When the pressure 
tains approximately 50 atmospheres, as represented by the point C 
queiaction commences, as indicated by the sudden appearance of a cloud 
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of mist, and continues without increase of pressure* until all the gas is 
liquefied as indicated by the point B. Since liquid carbon dioxide is much 
less compressible than gaseous carbon dioxide, the isothermal curve then 
rises steeply, large pressure increases giving rise to much smaller volume 
increases and thus the portion AB is obtained. 

Consideration of the next isothermal curve, that at 21*5°C, shows that 
a much higher pressure is necessary before liquefaction occurs and thus 
the horizontal portion is much shorter than is BC and since the gas is 
compressed to a much smaller volume before liquefaction commences, 
there is less volume change in passing from the gaseous state to the liquid 
state; in addition the liquid carbon dioxide at 21*5°C occupies a larger 
volume than liquid carbon dioxide at 13T°C. Thus, as the temperature 
rises, the volume change in passing from the gaseous state to the liquid 
state becomes smaller and smaller, that is, the portion corresponding to 
BC becomes shorter and shorter and at a sufficiently high temperature the 
horizontal portion disappears altogether. This is represented by the curve 
for 31T °C. At 3T1 °C there is no point at which decrease in volume occurs 
whilst the pressure remains stationary; there is only a change in the slope 
of the curve. No separation of liquid carbon dioxide occurs although 
there is a sudden change in density in the region of the point E. Experi¬ 
mental work has shown that the highest temperature at which liquid 
carbon dioxide can be obtained from gaseous carbon dioxide by the 
application of pressure is 3T05 C. This temperature is known as the 
critical temperature for carbon dioxide. At higher temperatures, for 
example 32*5°C, there is still an inflexion on the isothermal curve but it 
becomes less and less marked as the temperature rises so that the curve for 
48T°C shows no sudden change in volume at any pressure and is similar 
in type to the corresponding isothermal curve for air at this temperature. 

The fact that when carbon dioxide is at temperatures considerably 
above its critical temperature it behaves in a similar manner to air, suggests 
that the behaviour of air, nitrogen, hydrogen, and similar gases at atmos¬ 
pheric temperatures is due to the fact that they are at temperatures 
considerably above their critical temperatures. In actual fact, the critical 
temperature for nitrogen is —147*15°C, so that it is not surprising that 
difficulty is experienced in liquefying it. Hydrogen with a critical tempera¬ 
ture of —239*95°C is still more difficult to liquefy; whilst helium has a 
critical temperature of — 267*95°C, which makes it exceedingly difficult 
to liquefy. 

The pressure required to bring about liquefaction at the critical tempera¬ 
ture is known as the critical pressure ; and the volume of one gramme- 
molecule of the substance at the critical temperature and pressure is 

* In actual fact, the portion of the isothermal curve, ABCD, designated by BC , 
is not parallel to the volume axis, an extra pressure of about 0-25 atmosphere being 
necessary to complete the liquefaction. 
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termed the critical volume. At the critical point, the densities of the liquid 
and its saturated vapour must both be identical—this is the so-called 
critical density. The critical data for a number of common gases are given 
below in Table 15. ' b 5 


Table 15 
Critical Data 


Substance 


Helium 
Hydrogen . 
Nitrogen 

Carbon monoxide 
Argon 
Oxygen 
Methane 
Carbon dioxide 
Nitrous oxide 
Hydrogen chloride 
Hydrogen sulphide 
Ammonia . 
Chlorine 

Sulphur dioxide . 


Temperature 

(°K) 

Pressure 

(Atmospheres) 

Density 

(g/cm 3 ) 

5-2 

2-26 

0-066 

33-2 

12-8 

0-031 

126-0 

33-5 

0-311 

133-6 

35-5 

0-311 

150-7 

48-0 

0-510 

154-3 

49-7 

0-430 

190-2 

45-6 

0-162 

304-2 

73-0 

0-460 

309-6 

71-9 

0-454 

324-1 

81-5 ! 

0-406 

373-5 

89-0 

0-268 

406-0 

112-3 | 

0-236 

417-1 

76-1 

0-573 

430-3 

_- 

77-6 

0-513 


CONTINUITY OF STATE 

idenS d at a ,S?’t‘ he , , denSiUeS ° f the liquid and saturated vapour are 
iauid^nd u temperature; in fact, at the critical temperature the 

liquid and vapour become identical in all respects. This concent of he 

StatC may be , appr ° ached in a different manner. Ka gas at 
critical , 2? ' S com P re f ed isothermally at some temperature below the 

then t M n P u’ d conse q u ently the volume, is decreased to A 

XtaS 'Z'uid a, Zaz WhiCh afSt'Zw 

The change hl c been made frZ'fhf °'"' S “ lsti "6 on "« same isotherm. 

there has been no ,h „ h S aseous State to the u q«« d state but 

from one state to another and /™^ md } catin S the sudden transition 

state to another, and at no time has there been more than one 
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phase present. This transition must therefore occur at the point G , since 
the critical isothermal curve is depicted by XG Y. Thus, as the temperature 
is decreased from F to A the density of the gas increases so that at G the 
molecules are close enough for the forces of cohesion to cause the forma¬ 
tion of a distinct meniscus or boundary surface. Nevertheless, the transi¬ 
tion from the gaseous state to the liquid state is a gradual process and 
may therefore be regarded as a continuous transition rather than a 
discontinuous transition. 



Isotherms for van der Waals’ Equation. If van der Waals’ equation (18) 
be examined it will be observed that it is a cubic equation for V. The 
original form— 

( p + 7-2) <y- b) = rt 

may be rewritten 

(PV 2 + a) (V — b) = RTV 2 .(18a) 

or PV 3 - (bP + RT)V 2 + aV- ab = 0 . .(18b) 

that is V 3 — ^ V 2 +^-y = 0 . (18c) 

A cubic equation has three roots of which either one or three are real. 
Thus, for any given pressure and temperature there are either one or three 
possible values for the volume V. Taking the isothermal curve for any 
given substance at some temperature below its critical temperature it will 
be true that for any pressure above the point X (Fig. 28) there can only be 
one possible value for the volume V; the same argument holds for any 
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point below the point X. On the other hand, at the point X , the volume 
may be V 1 (all liquid), V 2 (all vapour), or some mixture of these two states 
at some intermediate value. If however, a vapour is compressed in a 
perfectly clean and smooth vessel it is often found that the pressure at 
which liquefaction occurs may be exceeded without any change of the 
vapour into liquid. This may be represented by the line CR (Fig. 28) and 
any increase of the pressure beyond the point R , results in sudden lique¬ 
faction. In a similar manner if a liquid (free from dissolved air) has the 
pressure above it reduced, it is often possible to realize the curve, BP y 
although with falling pressure there will be an increasing tendency for 
sudden, often violent, conversion to the vapour state to occur. 

The suggestion was made by James Thomson (1871) that the ideal 
behaviour of a gas might be depicted by the continuous isothermal curve 
represented in Fig. 28 by ABPQRCD which thus emphasizes from another 
viewpoint the essential continuity of the liquid and gaseous states. The 
conditions between P and R cannot be realized experimentally and thus 
represent an unstable state. In this case the third root of the van der 
Waals’ equation would be represented by V 3 . This, however is entirely of 
theoretical interest and the essential point to note is that at the critical 
temperature the three points, B, Q and C all coincide; the values of 
pressure and temperature, however, must be such that the equation is in 

t e form of a perfect cube. Thus if P c and T c are the critical pressure and 
critical temperature respectively, then— 


V 3 - \b + 


k 2 + — (/ — — 
Pc 1 P, P, 


. (19) 


must satisfy the condition 
Expanding equation (20) 


(V- V c )3 = o 


• ( 20 ) 


V 3 — 3 V c V 2 + 3 V c 2 y — y c 3 = o 

Now, equating coefficients in equations (19) and (21) the 
relations may be deduced— 


( 21 ) 


following 





Thus from equations (22), (23) and (24) the values of the 
may be evaluated in terms of a and b. 


critical constants 
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(1) On dividing (24) by (23), 

K = 36 . . , . . . (25) 

or, in words, the critical volume is equal to 3 b, or van der Waals’ constant 
b is one third of the critical volume. 

(2) On substituting this value for V c in equation (23), 



(3) On substituting for P e and V c in equation (22), 



8 # 

21Rb * 



Thus, if the van der Waals’ constants, a and b , are determined from 
measurements made on compressed gases, the values so obtained may be 
used to evaluate the critical constants. 


THE LIQUEFACTION OF GASES 

Gases may be liquefied by two methods, namely ( a ) by cooling and 
compression, and (b) by adiabatic expansion. 

Liquefaction by Cooling and Compression. Those gases whose critical 
temperature lies below atmospheric temperature cannot be liquefied by 
the application of pressure alone, they are, therefore termed permanent 
gases. On the other hand, all other gases may be liquefied simply by 
increasing pressure but the process of liquefaction is brought about much 
more easily if the temperature of the gas is lowered concurrently with the 
increase in its pressure. 

Liquefaction by Adiabatic Expansion. This method depends upon the 
fact that many gases are capable of cooling themselves if allowed to expand 
through a jet or porous plug. This is the “Joule-Thomson effect,” and the 
numerical values for some common gases are given below in Table 16. 


Table 16 

Cooling of Some Common Gases by Expansion at 0°C 


Gas 

Cooling per Atmosphere 
of Expansion 
(°C) 

Carbon dioxide 

1-46 

Oxygen 

0-326 

Nitrogen 

0-31 

Hydrogen 

- 0-03 
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From Table 16 it will be noted that the cooling effect for the gases oxygen 
and nitrogen is less than for the easily liquefiable gas, carbon dioxide, these 
gases are, of course, under-perfect gases (see p. 94). On the other hand, 
hydrogen, an over-perfect gas, is heated slightly on undergoing expansion 

The cooling effect for air and similar gases is small when working at 0°C, 
but is much more pronounced at lower temperatures, so that by arranging 
for a continuous circulation of the gas it is possible to attain lower and 
lowei temperatures until, in the case of air, liquid air is finally obtained. 

Compressed hydrogen, when cooled with liquid air previous to under¬ 
going expansion, behaves like the under-perfect gases and so by utilizing 
liquid air as a coolant liquid, hydrogen may be prepared in a similar manner 
to that by which liquid air is manufactured. 

By cooling helium in liquid hydrogen, and then expanding it in a similar 
manner to that used for the production of liquid air, it has been possible 
to obtain helium in the liquid state. 



CHAPTER O 


THE LIQUID STATE 

It has been stated previously that although a liquid has no definite shape, 
it has nevertheless a definite volume which is capable of being altered by 
the application of small forces. In terms of the kinetic theory the difference 
between the liquid and solid states is explained by the assumption that the 
molecules, which in a gas exhibit a free and independent movement with 
respect to one another, exist in liquids in much closer proximity with 
correspondingly greater intermolecular attraction. 

Nevertheless, in liquids the molecules are still in a state of continuous 
motion and in frequent collision with one another, and therefore possess 
kinetic energy. Thus, if a layer of alcohol is poured carefully upon the 
surface of water, diffusion of these two liquids occurs and, ultimately, a 
single homogeneous solution is formed, so demonstrating that each of 
these two individual liquids possesses kinetic energy. 

VAPOUR PRESSURE 

It will be recalled (see p. 96) that if a gas is compressed isothermally at 
some temperature below the critical temperature, liquefaction commences 
when a certain pressure is attained, this pressure remaining constant as 
long as the gaseous and liquid phases co-exist, and rising when the gas 
has been liquefied completely. The pressure at which the gaseous and 
liquid phases may co-exist is termed the vapour pressure of the liquid 
phase at the temperature of working. 

From Fig. 26 it will be noted that, as the temperature rises, so the vapour 
pressure suffers a corresponding rise, although an upper limit is set by the 
critical temperature. 

If a quantity of liquid is sealed in an evacuated tube some of the liquid 
will evaporate until the same conditions of dynamic equilibrium obtain as 
would have attained had the vapour been partially condensed at the same 
working temperature. It is important to note that since the molecules of a 
liquid are in a state of continual movement, and since a liquid has an open 
boundary surface, some molecules will possess sufficient kinetic energy to 
penetrate the boundary surface and enter the space above it. This is the 
phenomenon of evaporation (see Fig. 29). In a closed vessel, as the number 
of molecules in the space above the liquid increases, there is also a tendency 
for molecules to return to the liquid; this is the phenomenon of condensa¬ 
tion. Condensation becomes more pronounced as the number of molecules 
leaving the liquid increases, and thus, at any given time there will be a 


VAPOUR PRESSURE 


103 


condition of dynamic equilibrium when the number of molecules leaving 
the liquid to enter the space above it, is equal to the number of molecules 
returning to the liquid. The space above the liquid is then said to be 
saturated with vapour, the pressure exerted being the vapour pressure of the 
liquid at the given temperature. The magnitude of the vapour pressure of 
a liquid is independent of the quantity of liquid present initially, and of the 
volume occupied by the vapour, being only dependent upon the temperature 
of the liquid. 



Fig. 29. Processes of Evaporation and Condensation 

within a Closed Vessel 

Every liquid has the tendency to evaporate until the pressure of the 
vapour above it is the same as the equilibrium value for a given temperature, 
that is, the vapour pressure of the liquid. When evaporation of a liquid 
takes place within a closed vessel the equilibrium pressure is soon attained, 
but if the liquid is exposed to the atmosphere evaporation will continue 
until finally the whole of the liquid has passed into the gaseous state. 

Latent Heat of Vaporization. On the average, molecules of vapour 
possess more potential than do molecules of the liquid with which the 
vapour is in equilibrium. In other words, the process of evaporation is 
accompanied in general by an absorption and condensation by an evolution 
of heat. Thus, when a definite quantity (say 1 g or one mole) of liquid is 
vaporized, the heat absorbed is termed the latent heat of vaporization per 
gramme or mole, according to the quantity of liquid taken. 
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Measurement of Vapour Pressure 

Static Method (Ramsay and Young). The apparatus employed in this 
modification of the static method for determining the vapour pressure of a 
liquid is shown diagrammatically in Fig. 30. Fitting into the mouth of the 
tube A, is a stopper carrying a thermometer, a tap funnel and a leading 
tube, F. The thermometer bulb is covered with cotton-wool lightly tied in 
place with thread and the lower end of the tap funnel is bent so as to touch 



the cotton-wool. The manometer, M, contains mercury as the indicating 
medium. With the object of increasing the volume of the apparatus, and 
so minimizing the effect of slight leaks, a large bottle, C, is connected to 
the system. A long fine capillary, D, is connected to the system through a 
tap, the object of which is to permit the admission of air at a very slow 
rate when desired. 

The apparatus is evacuated to about 30 mm pressure and a little of the 
liquid under investigation admitted to tube A through the tap funnel. The 
water bath is heated to a temperature slightly in excess of the temperature 
at which the vapour pressure is required to be determined. If the thermo¬ 
meter initially reads a higher temperature than the steady, final temperature, 
some of the liquid will evaporate and cool the thermometer bulb, whilst if 
the thermometer bulb temperature is lower than the final temperature, then 
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liquid will condense upon it and warm the bulb. When a steady tempera¬ 
ture is finally attained in the bulb, A , this should be noted and at the same 
time the pressure as indicated by the pressure gauge, M\ this latter reading, 
when subtracted from the corresponding barometric pressure at the time 
of the experiment, gives the vapour pressure at the temperature indicated 
by the thermometer in bulb A. If values of the vapour pressure at higher 
temperatures are then required, a little air should be admitted cautiously 
through the capillary Z), the temperature of the 
water bath raised by the appropriate amount, and 
the procedure repeated as described above. 

Dynamic Method (Smith and Menzies). In this 
method the bulb A of Fig. 30 is fitted with a 
stopper carrying a thermometer, T, and a leading 
tube, L, as shown in Fig. 31. A small bulb, B, is 
secured to the thermometer. The tube, A, is filled 
with a suitable liquid of high boiling-point such as 
medicinal paraffin. The liquid under investigation 
is contained within the small bulb, B. The rest of 
the apparatus is the same as that described above 
in Ramsay and Young's method. 

In operation the temperature of the outer bath 
is raised to a temperature slightly in excess of that 
at which the vapour pressure is to be measured, 
and the apparatus is evacuated. It will then be 
noted that small bubbles issue from the bulb, B, 
as the liquid contained within boils. Whilst tap, E , 
big. 30, is kept closed, the fine capillary is opened 

and air cautiously admitted to the apparatus until — - 

bubbles of vapour just cease to issue from the ™ e c nt °f Vapour Pressure 
bulb, B\ then pressure gauge, M, and thermometer, (Smith and Menzies) 
r, are read. The difference between the reading of the pressure gauge 
and the barometric pressure gives the vapour pressure at the temperature 
indicated by thermometer, T ; this vapour pressure however, must be 
increased by adding a correction for the depth of immersion of the bulb 
B in the liquid contained within tube A. 

k ^ n ^ piration Method. In this method dry air, or a dry gas, is slowly 
bubbled at constant temperature through the liquid under investigation 

CO " ta ‘" ed Wlthin a suitable vessel. In this way the gas becomes saturated 
with the vapour of the liquid and the partial pressure of the liquid in the 
resulting gaseous mixture is equal to the vapour pressure. Assuming that 
Dalton s Faw of Partial Pressures holds for the experimental conditions 

hich exist, and that the vapour behaves ideally, then— 

w 

pv= =t, rt 

M 



Fig. 31. Dynamic 
Method for Measure- 


(1) 
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where P = partial pressure of the vapour, V = total volume of gas, 

w ~ wei g ht of H q uid vaporized, and M = molecular weight of vapour 
formed in the saturated vapour. 

Vapour Pressure and Temperature 

The influence of temperature variation upon vapour pressure is represented 
b y a logarithmic curve of the type shown in Fig. 32, the critical point being 
the highest temperature at which the vapour pressure can be measured. 
It will be noted from Fig. 32 that the increase per degree increases as the 
temperature rises. The rate at which the vapour pressure of a liquid varies 



Fig. 32. Influence of Temperature Variation upon Vapour Pressure 

with variation of the absolute temperature is given by the Clausius- 
Clapeyron equation which is derived from fundamental equations of the 
Second Law of Thermodynamics. In mathematical form it may be stated 
as follows— 

dP _ AH 

dT ~ TA V ‘ ’ ’ • ( 2 ) 

where dP/dT = the rate at which vapour pressure increases with the 
temperature, A H = molar heat of evaporation, and A V = increase in 
volume accompanying the vaporization of 1 mole of liquid. 

The variation of vapour pressure with temperature for a number of 
substances is given in Table 17. 

Trouton’s Rule. An important generalization known as Trouton’s Rule 
is expressed by the formula— 

L, 

— = a constant . . . (3) 

* b 

where L t = molar latent heat of vaporization of a liquid (i.e. molecular 


Table 17 

Vapour Pressure of Liquids 
(in mm mercury , unless stated otherwise ) 


Temperature 

(°C) 

i 

Water 

i 

10 


20 


30 


40 


50 

l 

| 

60 


70 


80 


90 


100 

l-000a 

110 

1-414a 

120 

1 -959a 

130 

2-666a 


Ethyl 

Alcohol 

* Carbon 
Tetrachlorii 

23-6 

43-9 

91-0 

78-8 

141-5 

135-3 

213-3 

222-2 

3120 

352-7 

444-3 

542-5 

617-43 

812-6 

110a 

l-562a 

1 -46a 

2-228a 

l-92a 

3-107a 

2-47a 

4-243a 

3-20a 

5-685a 

3-95a 


Note : a = atmospheres 


Di-ethyl 
- Ether 

Sulphur 

Dioxide 

291-7 

2-256a 

■ 442-2 

3-288a 

647-3 

4-498a 

1 -212a 

6-125a 

1 -680a i 

8-176a 

2-275a i 

10-73a 

3-021a 

13-87a 

3-939a 

17-68a 

5-054a 

22-27a 

6-394a 

27-71a 

7-987a 

3409a 

9-861a 

41-43a 

12-05a 

49-70a 


Table 18 
Trout on's Rule 


Substance 


Helium 

Hydrogen 

Carbon monoxide 

Nitrogen 

Oxygen 

Methane 

Sodium 

Carbon disulphide 

Di-ethyl ether 

Benzene 

Mercury 

Zinc 

Water . 

Ethyl alcohol 


(cal) 

T b (° K) 

LJT; 

I 

22 

1 

4-2 

1 

| 5-2 

216 

20-3 

10-6 

414 

81-6 

17-3 

362 

77-3 

17-6 

610 

90-2 

17*9 

951 

108-0 

18-0 

300 

1 155-0 

20-2 

490 

319-0 

20-4 

466 ' 

307-0 

21-1 

497 

353-0 

21-2 

200 

6300 

22-6 

730 

1 180-0 

23-5 

700 

373-0 

26-0 

448 

351-0 

26-9 
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weight x latent heat of evaporation), T b = boiling point of the liquid on 
the Absolute scale. 

Some typical values for the constant as given in (3) are quoted 
in Table 18. 

It is important to appreciate that Trouton’s Rule is only empirical and 
approximate. It will be noted that for many non-associated* liquids the 
numerical value for the constant in (3) is equal to approximately 20. The 
generalization breaks down, however, for associated liquids (e.g. water 
and ethyl alcohol), for substances of high boiling point (e.g. zinc), and for 
substances of low boiling point and low molecular weight (e.g. helium 
and hydrogen). 

SURFACE TENSION 

Within the interior of a liquid a molecule is surrounded uniformly by 
other molecules with the result that it is attracted on the average with 
equal force in all directions. In the surface layer, however, the attraction 
is all from within the interior of the liquid, with the consequence that a 
liquid always tends to contract to the smallest possible surface area. It is 
for this reason that drops of liquids and bubbles of gas within a liquid tend 
to assume a spherical form so that the surface area is at a minimum for a 
given volume. 

Because of this tendency to contract, a liquid surface behaves as though 
it were in a state of tension, being said to exhibit surface tension. The 
surface tension of a liquid is the same in all directions aiong the surface of 
the liquid. Surface tension, usually designated by the symbol, y t is defined 
as the tension, in dynes, acting at right angles to any line of 1 cm length on 
the surface of the liquid. 

Surface tension, in conjunction with the ability of a liquid to “wet” glass, 
causes the rise or fall of liquids in capillary tubes. Water and most organic 
liquids which wet glass exhibit a capillary rise since thereby the area of the 
wet surface is diminished. On the other hand, mercury, which does not 
wet glass, exhibits capillary fall resulting from which the surface area is 
diminished. The surface tension of liquids which wet glass may be deter¬ 
mined from their capillary rise in a narrow tube, as follows— 

Let the perimeter of the tube = 2vr 

the tension supporting the column of the liquid = 2my 

the weight of column of liquid supported by this tension = irr 2 hd 
where h = height of column, d = density of liquid, and r = radius of tube. 

* Non-associated liquids are those which contain single molecules; conversely, 
associated liquids are those in which the molecules are combined together in groups of 
two or more, the molecular weight being thus a multiple of the simple formula weight. 

Associated liquids usually have very high latent heats of evaporation, abnormally 
high boiling points and high dielectric constants. Associated liquids also exhibit the 
ability to dissociate certain solutes into ions; this is probably related to their high 
dielectric constants. 
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Then for equilibrium, 2-ry = ur-hd and, expressing this in dynes 

2rrry — TrrVigd 


where g = 981 cm/sec 2 . 




Influence of Temperature on Surface Tension. As the temperature of a 
liquid rises its surface tension, in general, decreases, finally becoming zero 
at the critical temperature. Ramsay and Shields showed that a straight 

\1 

line is obtained if temperature is plotted against the quantity y — 

where M = molecular weight, D = density of liquid, whereas the plot of 
surface tension against temperature shows a pronounced curvature. The 


quantity 


M 

D 


is known as the molecular volume, and 


ot the surface area of the molecules. The quantity y is known as 



is a measure 


the molecular surface energy, and Ramsay and Shields have expressed the 

variation of molecular surface energy with temperature in the following 
equation— & 



A(T C — / — 6) 



where k = a constant giving the slope of the curve, T c = the critical 
temperature, t = the temperature at which observations were made. 

A much more precise relation between surface tension and temperature 
was proposed by Macleod as follows— 


y ~ C(D — d) 4 .... (5a) 

wheie D ~ density of the liquid under examination, d = density of the 

saturated vapour of the liquid measured at the same temperature, C = a 
constant. 


VISCOSITY 

It is well known that the volume of liquid capable of flowing through a 
given tube in unit time under constant pressure varies with the liquid,°and 
or any given liquid it also varies with the temperature and with the type of 
low, that is whether turbulent flow or “streamline" flow. Streamline flow 
is that in which all liquid layers move parallel to the sides of the tube, 
n streamline flow the property of a liquid which determines its rate of 
ovv is known as viscosity. Viscosity, therefore, is that propertv which 
opposes the relative movement of adjacent portions of a liquid, and thus 
may be regarded as a type of internal friction. Gases, like liquids, exhibit 
viscosity. The reciprocal of viscosity is termed the fluidity of a liquid or 



HO the liquid state 

gas as the case may be. The coefficient of viscosity is denoted by the symbol 
rj, whilst fluidity is usually denoted by the symbol thus, f = l/rj. The 
coefficient of viscosity, ij, is defined as the number of dynes per square 
centimetre required to maintain a velocity of 1 cm/sec between layers of 
1 cm 2 area and 1 cm apart. Coefficients of viscosity are generally expressed 
in c.g.s. units as stated above and the unit is termed a poise in honour of 
Poiseuille whose fundamental researches on viscosity have attained a 
classical reputation. Since the poise is often a large unit to employ, other 
fractional units have also been introduced, namely, the millipoise (i.e. 
10 -3 poise), and the centipoise (i.e. 10 -2 poise). 

The viscosities of liquids differ enormously, in fact certain liquids which 
exhibit an extremely high viscosity behave in many respects like solids. 
Some typical viscosities are given in Table 19. 


Table 19 

Typical Viscosities at 20°C 


Substance 

Viscosity (in millipoises) 

Diethyl ether 

2-33 

Acetone 

3-29 

Carbon disulphide 

3-68 

Choloroform . . ^ 

5-63 

Methyl alcohol . 

5*93 

Benzene 

1 . . 6-47 

Carbon tetrachloride . ; 

9-68 

Water 

1008 

Ethyl alcohol 

12-00 

Acetic acid . 

12-20 

Nitrobenzene 

20-13 

Glycerine . 

. approximately 1 x 10 4 


The Determination of Viscosity 

The viscosity of a liquid may be determined {a) by measuring the volume 
of the liquid flowing through a tube of given dimensions under a definite 
pressure, ( b ) from the rate at which a dense sphere falls through the 
liquid, (c) from the speed of rotation of a cylinder immersed in the liquid 
and driven by the fall of a standard weight, or (d) from the torsion in a 
standard wire supporting a cylinder immersed in the liquid revolving at a 

known speed. Only the first two of these methods will be described 
here. 

Viscometer Method. This method depends upon Poiseuille’s Law which 
states that the rate of flow of liquid through a narrow tube is inversely 
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proportional to the fourth power of the radius of the tube. In mathematical 
form this law is expressed as follows— 


7T! A pt 

• • • 

where r/ = coefficient of viscosity 
r = radius of the tube 
/ = length of the tube 
p = pressure in dynes/cm 2 

v — volume of liquid in ml flowing through the tube 
t = time (in sec) required for flow to occur. 



This method involves the use of an instrument 
known as a “viscometer” or “viscosimeter” of 
which the type due to Ostwald is widely employed 
(see Fig. 33). The Ostwald viscometer consists 
essentially of a bulb, A t with a mark (a) above and 
(y) below, and attached to a capillary tube, B, and a 
storage reservoir, C. In use the viscometer, charged 
with the liquid under examination, is clamped in a 
vertical position in a thermostat, with the liquid levels 
adjusted to coincide with the marks (p) and (q). 
When the liquid in the viscometer has attained the 
temperature of the thermostat it is sucked up the 
left-hand limb of the viscometer until it has reached 
the level of the mark (a). The time required for 
the liquid to fall from the mark (a) to the mark (y) 
is then determined by means of a stopwatch. The 
determination is then repeated with water as a refer¬ 
ence liquid. The relative viscosity may then be 
evaluated from the following expression— 

Relative viscosity = — = . . (7) 

Vw o 



Fig. 33. Ostwald 
Viscometer 


where t = time (in sec) required for 

liquid to flow between 
two marks 

Uv = time (in sec) required for 
water to flow between 
two marks 


t] = coefficient of viscosity of 
liquid under examina¬ 
tion 

7] w = coefficient of viscosity of 
water 

d = density of liquid under 
examination 

d w = density of water. 
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Although water is the most frequently used standard of reference, some¬ 
times other liquids are employed, for example benzene. The variation of 
the viscosities of these two liquids with temperature is shown in Table 20. 

Table 20 


Variation of Viscosity of Water and of Benzene with 

Temperature 


Temperature 

(°C) 

Viscosity (in poises) 

Water 

Benzene 

0 

0-01793 

0-009060 

20 

0-01008 

0006537 

40 

0-00657 

0-004981 

60 

0-00469 

0-003980 

80 

0-00356 

0-003358 

100 

| 

0-00284 

1 

1 



Falling Sphere Method. The rate of fall of a sphere through a fluid 
rapidly attains a constant value when the viscous force is exactly equal to 
the gravitational pull. By the application of Stoke’s Law the relation of 
velocity and viscosity is given by the following expression— 



2 gr* (D-d) 
9 rj 



where u = 


cr = 

d 

r = 


velocity of falling sphere 
in cm/sec 
981 cm/sec 2 

radius of falling sphere 


D = density of sphere 
d = density of liquid through 
which sphere falls 
= coefficient of viscosity of 
liquid. 


Equation (8) is only strictly true when a sphere falls through a large mass 
of liquid. In practice this method consists of introducing a small metal 
sphere (e.g. a ball bearing) below the surface of the liquid under examina¬ 
tion contained within a tall cylinder, and noting the time taken for it to 
fall between two marks on the cylinder. 

As a means of industrial control, this method may be modified slightly 
and two observations taken, one with the liquid under examination and 
the other with a standard liquid. The relative viscosity is then evaluated 
by means of the following expression— 


Yj 

Relative viscosity = — 

V2 


f i (D ~ d x ) 

^2 ^2) 
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where ir = coefficient of viscocity of 

liquid 1 

rjo = coefficient of viscosity of 
liquid 2 

t Y = time required for sphere 
to fall through liquid 1 


to — time required for sphere 
to fall through liquid 2 
d x = density of liquid 1 
do = density of liquid 2 
D = density of falling sphere 


The viscosity of all liquids decreases with falling temperature. Increasing 
pressure causes an increase in viscosity, especially at low temperatures. 


OPTICAL PROPERTIES 


Refractive Index. The refractive index of 
a material may be defined as the bending 
power of that material for a ray of light 
incident on its surface; this is illustrated 
diagrammatically in Fig. 34. 

The amount of this bending, expressed 
as refractive index, is a characteristic 
property of materials and indeed may be 
employed for purposes of identification. 
The refractive index of a substance is 
defined as the ratio of the sine of the angle 
of incidence to the sine of the angle of 
refraction; this is the verbal expression 
of Snell's Law which, expressed in 
mathematical form, is— 


sin i 

—— = n 

sin r 


( 10 ) 



Fig. 34. The Refraction of 

Light 


where n = refractive index, i = angle of 
incidence, r = angle of refraction. 

For a given material the refractive 
index varies with the wavelength of the 
light, undergoing an increase in value as the wavelength suffers a 
decrease. Thus, for purpose of standardization and accurate determina¬ 
tion it is usual to employ the D line of the sodium spectrum as the basis for 
comparison. The refractive index of a material also varies with the tem- 
perature of the material. Lorentz and Lorenz (1880) have deduced that 
the following relationship should not vary with temperature_ 


(n 2 ~ \)M 
(n 2 + 2 )D 



wheie the quantity [R] is the molecular refraction. 

aiious types of instruments are available for the determination of 
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refractive index and reference should be made to a textbook of practical 
optics for details regarding their use. 

Absorption Spectra. Many substances, when introduced into an electric 
arc or a high tension spark, enter into an excited state leading to the 
production of line spectra capable of observation by means of a spectro¬ 
scope or of photographic recording by means of a spectrograph; when 
light of known wavelengths, however, previous to entering a spectrograph 
is allowed to traverse a column of a liquid, preferential absorption will 
occur at certain wavelengths. Thus are produced the so-called absorption 
bands. Such absorption bands occur in the visible, in the ultra-violet and 
in the infra-red portions of the spectrum. 

Optical Rotation. Those substances which are capable of rotating the 

plane of polarization of light are said to be optically active , and to have 
optical rotatary power. 

The specific rotatary power (or specific rotation [a]) is expressed by the 
equation— 

f d = [a] . 02 ) 

where a = measured angle of rotation, / = length of the liquid column in 
decimetres, d = density of the liquid. 

The specific rotation for a solution is given by— 

lOOtf 100* r , 

IdW ~ Ic ~ [al * * • * (I3) 


where W is the weight of the substance in 100 g, and c the weight in 
100 ml of solution. 

The molecular rotatary power (or molecular rotation ), [A/], is given by the 
formula— 


M[a] 

100 


[A/] 


(14) 


where M = molecular weight. 

The angle through which the plane of polarization of light is rotated by 
a given substance is dependent upon the wavelength of the light, and to 
some extent upon the temperature; both these quantities should therefore 
be stated when reporting data; thus [a]D 2 ° indicates a measurement for 
the D line of sodium made at a temperature of 25°C. 


PHYSICAL PROPERTIES AND MOLECULAR STRUCTURE 

The relationship of physical properties and chemical constitution is a 
matter of considerable importance in a study of chemistry. The physical 
properties of systems, mixtures and compounds may be classified into 
three categories, namely (a) additive, (b) constitutive, and (c) colligative. 
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Additive properties are those properties which are determined solely by 
the nature and the number of the atoms or radicals in the molecule. Such 
properties are not governed by the manner of three-dimensional orienta¬ 
tion of atoms or radicals, nor by the manner in which they are combined 
together. The mass of a molecule is the only property which is strictly 
additive, but there are other properties (e.g. molecular or molar volume) 
which are approximately additive. 

Constitutive properties depend largely upon the arrangement of the 
atoms in the molecule, and to a less extent upon their nature and number. 
There are a number of physical properties which are partly additive, and 
partly constitutive. Thus for example, refraction is chiefly additive and to 
a less degree constitutive; whilst boiling point is chiefly determined by the 
constitutive factor. 

Colligative properties are dependent upon the number of molecules 
present, being independent of their nature. It is, however, in the study of 
solutions that colligative properties are chiefly encountered and in this 
connexion are often termed osmotic properties. Discussion of these 
osmotic properties will be considered later. The inter-relationship of a 
number of physical properties and chemical constitution will now be 
discussed. 

Molecular or Molar Volume. It will be recalled ( sec page 109) that the 
molecular volume is the volume occupied by one mole of a liquid; expressed 
mathematically this is 

3= V .(15) 

where M = molecular weight of liquid, D = density of liquid, V = mole¬ 
cular volume. 

Kopp (1855) pointed out that the molecular volumes of organic com¬ 
pounds measured at their boiling points and under one atmosphere 
pressure were, to a large degree, additive functions of the volume equiva¬ 
lents of the elements making up the corresponding molecules. It has been 
shown that in various homologous series there is a constant difference of 
approximately 22 ml for each increment of a CH 2 group. Since the molecu¬ 
lar volumes of butane, C 4 H 10 , and benzene, C 6 H 6 , are the same, Kopp 
assumed that the atomic volume of carbon was twice that of the hydrogen 
atom, therefore, 

since CH 2 - 22, then C = 2H = 11, and H = 5-5 

Utilizing these values it is possible to calculate the atomic volumes of 
other elements; for example, the molecular volume of diethyl ether 
(C 2 H 5 ) 2 0 is found experimentally to be 106-1; calculation of values for 
the group (C 2 H 5 ) 2 gives 4C + 10H = (4 x 11) + (10 x 5-5) = 99. 
Therefore, the atomic value of oxygen is 106-1 — 99 = 7T. 
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In this manner values may be calculated for the volume equivalents of 

vnlnm« em f" i and VaIues be em P lo yed to predict the molecular 
iodide C H 0 ^ Substances ' 71115 IS illustrated by the example of butyl 

Butyl Iodide, C 4 H 9 I 

4C = 4 x 11 = 44-0 

9H = 9 x 5*5 = 49*5 
I = 37-5 = 37-5 


V (calculated) = 131-0 


V (observed) = 128-5 

f rOI ^i-^- 1S exam P le k wil1 be cIear that the molecular volume is not simply 
an additive property, but is affected appreciably by constitutive properties. 

hor example, amongst other factors, the internal pressure is not the same 
tor all liquids, even when at the same temperature, and this introduces 
irregularities into the values for the molecular volumes. 

Allowance for the effect of internal pressure is obtained in the evaluation 
ot the constant called the pa radio r which serves as an index of the com¬ 
parative or relative volume of a substance. The use of the parachor involves 
tne use of Macleod’s equation relating y, the surface tension of a liquid, to 
its density, D , and the density of its vapour, d y at the same temperature, 


y = C(D — d ) 4 or. 


y * 

(D-d) 




This equation holds over a wide temperature range. If both sides of 
equation (5a) are multiplied by the molecular weight— 


My I 

(D-d) 


a constant termed the “parachor’' 



Smce the density of the vapour, d , is usually very small compared with 
that of the liquid, D y the numerical value of the parachor is approximately 
equal to the molecular volume multiplied by the fourth root of the surface 
tension. Thus, if two liquids are examined under such conditions that their 
surface tensions are equal, then their molecular volumes will be propor¬ 
tional to the values of the parachor. 

Sugden has proposed that the molecular parachor is an additive function 
of the parachors of atoms, linkages and rings, some typical values being 
quoted in Table 21. The parachors of carbon and hydrogen being fixed 
first, those of the other elements are evaluated in a similar method to that 
used for atomic volumes. 
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Table 21 


Values for Paraehors , Linkages and Rings 


Carbon 

. 4-8 

Double bond 

. 23-2 

Hydrogen . 

. 17-1 

Triple bond 

. 46-6 

Oxygen 

. 200 

3-membered ring 

. 16-7 

Oxygen in esters . 

. 600 

4-membered ring 

. 11-6 

Oxygen in hydroxyl 

. 13-3 

5-membered ring 

. 8-5 

Sulphur 

. 48-5 

6-membered ring 

. 61 

Chlorine 

. 53-8 

w 


Bromine 

. 680 



Iodine 

. 90 0 



Nitrogen 

. 12-5 




Thus, employing the values as quoted in Table 21, the value of the molecu¬ 
lar parachor for any given molecule may be calculated as the sum of a 
series of parachor values for the atoms making up the molecule in question. 
From Table 21 it will be noted that different types of linkage are also given 
parachor values and by employing these in conjunction with atomic 

paraehors it is possible to elucidate the molecular structures of many 
compounds. J 

Optical Properties- As stated on p. 113, the measurement of optical 

properties is often of considerable value in elucidating molecular structure. 

Molecular Refraction. Like molecular volume, this is not strictly simply 

an additive property but is influenced by constitutive factors. As in the 

case of parachor values, so also in the case of refraction equivalents, 

values are apportioned in respect of different types of linkage. 

Measurements of refractive index have been used to provide information 

regarding the molecular structure of many complex organic compounds, 

particularly as a means of determining the position of double bonds in 
such compounds. 

Optical Rotatory Power. This is dependent upon molecular dissymmetry 
(dissymmetrical molecules are those which give “non-superposable” 
miages when viewed in a mirror), and thus is wholly a constitutive property. 

e optical rotatory power of isomeric substances possessing several 
asymmetric carbon atoms is the algebraic sum of the individual contri¬ 
butions of each separate carbon atom, and is independent of the configura- 

first S pr 0 oposed 0 L y e van°Hoff ThlS “ ° f ° P ' iCal ^’posiuon 







CHAPTER 7 


THE SOLID STATE 

The term solid is generally applied to describe those forms of matter 
exhibiting sufficient rigidity to permit of the maintenance of their charac¬ 
teristic shape. In this respect such substances differ from gases and from 
liquids. Solids and liquids are similar, however, in that they both possess 

a definite volume which is only affected to a slight degree by changes of 
pressure and of temperature. 

In scientific terminology at the present time it is usual only to employ 

the term solid ’ in respect of those substances in which the atoms or 

molecules making up the substance are arranged in a three-dimensional, 

recurring pattern; such solid substances are said to be crystalline. There 

are, however, a number of apparently solid substances (e.g. glass, pitch 

and resin) in which the arrangement of atoms or molecules is not regular; 

such substances are said to be amorphous. In respect of their lack of regular 

atomic or molecular arrangement, amorphous substances are similar to 

liquids, in fact, glass, pitch and resin are often referred to as super-cooled 
liquids. 

It should be noted here that in the amorphous state there is the possibility 
of some degree of regularity of atomic arrangement, and there appears to 
be a gradual transition from the condition of perfect regularity of atomic 
arrangement characteristic of true crystals on the one hand to the condition 
of a random assembly of atoms on the other hand which is characteristic 
of non-crystalline substances. 

THE CRYSTALLINE STATE 

Crystalline solids result when pure liquids are allowed to cool to their 
freezing points, or when solutions are cooled or are evaporated, or alter¬ 
natively, when vapours condense under such conditions that the liquid 
phase is not formed. 

By causing the phenomena of cooling, evaporation and condensation to 
occur slowly it is possible to obtain larger crystals than those obtained 
during rapid temperature fall. 

Many crystalline substances (e.g. rocksalt, calcite, iron pyrites) occur 
naturally, but it is seldom that such crystals are perfect specimens. 

The chief characteristics of crystalline substances are as follows— 

(1) They exhibit a definite geometrical form, the same type of substance 
always crystallizing in the same characteristic form in which the angles 
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between corresponding faces of different crystals of the same type of 
substance are constant. 

(2) The fracture of crystalline substances, in general, occurs most 
readily along cleavage planes which are inclined to one another at angles 
which are both constant and characteristic of a given substance. 

(3) When pure crystalline substances are heated they melt at a tempera¬ 
ture which is definite, reproducible and characteristic of the substance in 
question. 

(4) Certain physical properties of a crystal, such as refractive index, 
vary according to the direction within the crystal in which the measure¬ 
ment is made. 




Fig. 35. Crystal Symmetry 


(5) Crystalline substances are characterized by their symmetry; on 
rotating the crystal about an axis, its appearance remains unchanged. 

Crystal Symmetry. Three types of crystal symmetry may be distin¬ 
guished. Firstly, a crystal has a plane of symmetry when it can be divided 
in the imagination into two parts so that one part is the exact mirror 
image of the other half (see Fig. 35, at (a) and ( b )). Secondly, a crystal 
possesses an axis of symmetry, that is a line about which, if the crystal be 
rotated, it will present exactly the same appearance more than once during 
the course of a complete revolution; thus may be distinguished the two¬ 
fold symmetry of a diad axis when this self-coincidence occurs twice during 
a single revolution, whilst other possibilities are three, four, and six repeti¬ 
tions of the original appearance during a single revolution corresponding 
to the three-fold (triad), four-fold (tetrad), and six-fold (hexad) axes of 
symmetry (see Fig. 35, at (c), (d) and (e)). Thirdly, a crystal may possess 
a centre of symmetry, that is, a point within the crystal so that any line 

drawn through it will intersect the surfaces of the crystal at equal distances 
on each side of the point (see Fig. 35 at (/)). 

5 —(T.447) 
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From Fig. 35 it will be observed that the cube possesses a high degree of 

symmetry, in fact the perfect cube possesses twenty-three elements of 
symmetry. 

Crystallographic Axes. It has already been stated that many naturally 
occurring substances exhibit a close approach to perfection of external 
form and for long it was held that such perfection of external form was a 
pre-requisite of crystallinity. In fact, the systematization of the crystal 
forms based upon angle-measurements and upon the theory of symmetry 
was established from a study of such substances. 

In 1912, however, Laue, and Friedrich and Knipping, using a method 
depending on X-ray interference phenomena, were able to obtain experi¬ 
mental proof of the existence of internal symmetry in crystalline substances. 
Thus has been built up the picture of a crystalline substance as a substance 
in which the atoms are arranged in a three-dimensional pattern. These 
atoms exist in sheets or planes, and the points of intersection of these 
planes constitute the space lattice or crystal lattice. It is the arrangement 
of the individual atoms in the space lattice which is responsible for the 
commonly observed properties of crystals, and as a result of X-ray 
diffraction analysis the nature of the atomic pattern is revealed and the 
position of the atoms with respect to one another is rendered capable of 
determination. 

The crystalline pattern is on a scale of 1 x 10~ 8 cm, and so is far too 
small to be capable of resolution under the optical microscope, which 
cannot be employed to resolve the details of a structure on a scale smaller 
than 1 x 10~ 4 cm, since it is dependent upon the wavelength of the illu¬ 
minating beam for its degree of resolution. 

Because of the regular arrangement of atoms in crystalline substances 
it is possible to imagine planes running in different directions throughout 
the whole mass of the material. On these planes the atoms are more or 
less densely distributed. The direction of a crystal plane may be defined 
by reference to a system of axes chosen with respect to the crystal system 
under consideration. This statement may be illustrated by reference to 
the cubic lattice, the simplest type of lattice. In Fig. 36, the axes OX , OY 
and OZ are the intersections of the three principal planes of symmetry; 
they are perpendicular to one another and of equal length. The broken 
lines indicate a plane ABC which intersects all the three axes at the same 
distance from the origin, giving the intercepts or parameters OA y OB and 
OC. The ratios of these intercepts, termed axial ratios , are of importance 
in the description of a crystal. If OA = a, OB = b , and OC = c, then 
in quoting the axial ratio it is the convention to write b = 1; thus, 
in the case described above a'.b'.c = 1:1:1. All faces of the same “form” 
have the same axial ratios. The angles between the axes YOZ, XOZ and 
XO Y are represented respectively by the symbols, a, ($ and y. The actual 
values for these angles are only quoted if they are other than 90°. The 
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numerical values for these angles, together with the axial ratios permit of 
the description of the position of any crystal face being reported. These 
data constitute what are known as the “elements of a crystal.” 

If the intercepts of any other crystal faces on the three axes shown in 
Fig. 36 are measured they will be found to be represented by la , mb and 
nc where /, m and n are small whole numbers (e.g. 1, 2, 3 and occasionally 
larger numbers). This is an illustration of the Law of Rational Indices. 

In order to represent any particular face, it is customary to make use of 
Miller indices. The Miller indices of a face are inversely proportional to 
the intercepts of that face on the selected axes. Thus, in Fig. 36, the plane 
ABC cuts off equal intercepts on each of the three axes and so in the Miller 



Erin H f Tu th ® mdlces are U 1 1). written without commas and 

The H-' n r ,° Und ^ rackets ' MlIler indices are always whole numbers 
The directions OA, OB and OC are all regarded as positive but 

directions measured on the other side of the origin are regarded as negative 
(fin l, . . ’ ... 1 and indices may be thought to be 
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In Fig. 37 at (a) imagine the plane ABCD intersecting the plane OX at 
unit distance from the origin. This plane, being parallel to the axes OY 
and OZ, can only be regarded as intersecting them at infinite distance. 
The parameters for this plane are, therefore, 1, oo, oo, and the indices 
(1 0 0). This particular plane is known as the cube face and there are 
obviously six of these planes in the cubic structure. Similarly, the para¬ 
meters for the plane EFHG (Fig. 37 at (b)) are 1, 1, oo, and the indices 
(1 10). There are six sets of the {1 1 0} form of planes. 

Crystallographic Systems. By means of the geometrical considerations 
outlined above it has been shown that thirty-two classes of crystal sym¬ 
metry or “point groups” are possible. These thirty-two different classes 
may be arranged in seven systems, each system being characterized by its 
own axial angles and axial ratios. Six of the systems may be represented 



(a) (b) 


Fig. 37. Miller Indices 


by three crystallographic axes, but the seventh, the hexagonal system, is 
referred to a set of four axes. The chief characteristics of these seven 
systems are tabulated in Table 22. 

When a crystalline substance exhibits a property to some degree, no 
matter in which direction within the crystal that property be measured, then 
such a crystalline substance is said to be isotropic. This state of affairs 
obtains in cubic crystals since they have the same structure in all directions. 
Crystals in other systems are however, anisotropic in that a property will 
not have the same magnitude if measured in different directions. Thus, 
for example, Iceland Spar markedly exhibits the phenomenon of double 
refraction, which incidentally may be detected in all crystals other than 
those in the cubic system. 

Types of Crystal Structure 

In a crystal the atomic pattern is repeated in three dimensions throughout 
the whole mass of the material, the unit of repetition being known as the 
“unit cell.” The position of the centres of the atoms is frequently that 
corresponding to the closest packing of spheres. If the first layer of atoms 



Table 22 

Crystallographic Systems 


System 


Crystallographic 

Elements 


Essential Symmetry 


Cubic or Regular 


Tetragonal 


. | Three axes at right 4 triad axes, 3 diad or 

angles: all equal— 3 tetrad axes 
a = p = y = 90° 
a'.b'.c = 1:1; 1 

I 

• j Three axes at right 1 tetrad axis 

angles: two equal— 

! a = p = y = 90° 
a'.b'.c = 1:1: v 


Orthorhombic or Rhombic . 


Monoclinic 


Triclinic or Anorthic . 


Three axes at right 3 diad axes, or 1 diad 
angles: unequal— axis and 2 perpendi- 

a = P — y = 90° cular planes intersecting 
a'.b'.c = x'.Wy in a diad axis 

! --- - 

Three axes, one pair not 1 diad axis or 1 plane 
at right angles: un¬ 
equal— 


a = y = 90°:£ * 90° 

| a'.b'.c = x'.Wy 

• Three axes not at right No axes or planes 
angles: unequal— | 

a, p, y =£ 90° | 

a'.b'.c = x'. 1 \y 


hombohedral or Trigonal.! Three axes equally in- 1 triad axis 

| dined, not at right 
angles: all equal— 

a = P = y # 90° 

a'.b'.c = 1:1; 1 


Hexagonal 


Three axes coplanar at 1 hexad axis 
60°: equal. Fourth 
axis at right angles to 
other three— 
a^a^.a^b = 1 : 1 : 1 :* 
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is represented by spheres of equal size so placed that they just touch one 
another (Fig. 38) it will be noted that the lines connecting the centres of 
each three adjacent spheres form a series of equilaterial triangles, and the 
centres of seven adjacent spheres a centred hexagon of seven spheres. A 
second layer may be placed upon this base layer, each sphere of the second 



Fig. 38. Closest Packing of Spheres 


layer lying in the hollow between two adjacent spheres of the base layer. 
It should be carefully noted that only every alternate triangle of the base 
layer can be loaded in this way. The third layer may be laid down in one 
of two ways, either— 

(a) Each third-layer sphere may be laid over the centre of every sphere 
in the base layer. The centres of the third-layer spheres are indicated in 



+—a-+ 

Fig. 39. Hexagonal 
Close-packed Structure 



Fig. 40. Face-centred 
Cubic Structure 



Fig. 41. Body-centred 
Cubic Structure 


Fig. 38 by the letter x. This method of assembly is termed the “hexagonal 
close-packed” structure. It is represented diagrammatically in Fig. 39 
where each black sphere represents an atom. It should be carefully noted 
that in diagrams such as Fig. 39, atoms are represented for purposes of 
clarity by a small sphere whereas in actual fact the atoms are almost in 
contact with very little free space between them. 

( b ) Each third-layer sphere may be laid over the centres of the triangles 
which were skipped when laying the second layer. The centres of the third- 
layer spheres in this arrangement are indicated by the letter o. This 
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arrangement is termed the “face-centred” cubic structure and is shown 
diagrammatically in Fig. 40. 

Atoms, however, frequently take up positions which do not correspond 
with the closest packing of spheres, one such arrangement being the 
“body-centred” cubic structure in which the atoms occupy the corners and 
the centre of the unit cube. The unit cell of this type of structure is shown 
in Fig. 41. Comparison of Figs. 40 and 41 will indicate how open is the 
body-centred cubic structure compared with the face-centred cubic 
structure. 

For the closest packing to occur in the hexagonal close-packed structure, 
the ratio of the height, c, Fig. 39, to the length of one of the sides of the 
base, a , must be 1-633. This ratio is termed the axial ratio. 



Fig. 42. Face-centred 
Tetragonal Structure 



Fig. 43. Rhombohedral 
Structure 


Two other types of crystal structure are the face-centred tetragonal 
structure (Fig. 42), which resembles the face-centred cubic lattice except 
that one axis is longer than the other two, and the rhombohedral structure 

(Fig. 43) in which one atom has three close neighbours, three other atoms 
being at a slightly greater distance. 


Results of Crystal Structure Measurements 

Non-metallic Elements. These elements are characterized by the fact 

that each atom is joined by a covalent bond to one or more neighbouring 

atoms, the actual number being the same as the usual valency value for 
the element in question. J 

The element carbon, in the form of diamond, possesses a structure in 

:, !t; aC ; h „ Carb0n at0r ? 1S surrounded by four other carbon atoms 
situated at the corners of a regular tetrahedron (see Fig. 44 at (a)) In 

graphite, however, the carbon atoms are arranged in the form of flat 

sheets in each of which the carbon atoms, joined by covalent bonds 

inTshe , eX T' 15 {iee Fig ' 44 at m ' The distance between the adjoin’ 
ing sheets is too large to correspond to a chemical bond so that in any one 

sheet each carbon atom is attached to only three neighbouring atoms 

instead ol to four, as in the case of the diamond structure. Substances 
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such as graphite, consisting of sheets of atoms which are separated by 
distances too great to permit of chemical bonding are said to have “layer 
lattices.” 

Metallic Elements. The great majority of the metallic elements crystallize 
in face-centred cubic, body-centred cubic, and hexagonal close-packed 
structures. Metal atoms cannot be held together by ordinary covalent 
bonds since the number of electrons available is insufficient. Nevertheless, 
metals exhibit considerable strength and it has been suggested that a 
special type of bond, the so-called metallic bond , characterizes the metals 
in which a relatively small number of electrons is able to bind together a 




Fio. 44. (a) Diamond Structure, ( b) Graphite Structure 

larger number of ions, the valency electrons thus constituting a mobile 
lattice. 

Inorganic Compounds. The structure of a large number of inorganic 
compounds has been elucidated by means of X-ray diffraction analysis. 
Thus, in sodium chloride the atoms, or more correctly the ions, are arranged 
in the form of a lattice as is depicted in Fig. 45 ( a ). It is due to the existence 
of the charges resident upon the individual ions that the sodium and 
chlorine ions are held rigidly in place. 

It does not follow, however, that the radius of the sodium ion in 
sodium chloride is the same as that in sodium iodide, since the different 
atomic volume and the greater number of electrons in iodine as com¬ 
pared with chlorine cause an alteration in the volume available to the 
sodium. 

In addition, it does not necessarily follow that caesium chloride and 
sodium chloride will exhibit the same type of crystal structure even though 
these two metals occur in the same group of the Periodic Classification; 
this will be evident from Fig. 45 (a) and ( b ). All the alkali metal halides 
(except the chloride, bromide and iodide of caesium), and many oxides 
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and sulphides have the same crystal structure as Fig. 45 (a) and are, 
therefore, said to have the “sodium chloride” structure. 

The body-centred cubic structure of caesium chloride is also possessed 
by the halides of thallium and ammonium. 

These examples will indicate the general nature of atomic arrangement 
in some of the simpler crystals, although it should be carefully noted that 
not all binary compounds crystallize in the cubic system. 

In the correlation of crystal structure with physical properties a number 
of factors are involved and the problem is far from simple. However, it 
may be stated that, in general, with increasing distance between neighbour¬ 
ing atomic centres in ionic crystals there is a corresponding decrease in 



Fig. 45. (a) Sodium Chloride Structure, ( b ) Caesium 

Chloride Structure 


hardness, and a fall in melting point. A number of inorganic crystals are 
not of the ionic type but consist of atoms; this is especially true of crystals 
o intermetallic compounds which possess bonds similar to those found in 
crystals of a metallic element. X-ray diffraction analysis has been particu- 

“X Va ' U , able , m hel P ,n S to elucidate the structure of complex compounds 
such as the silicates, and co-ordination compounds. 

Organic Compounds. The crystal structure of a considerable number of 
Th aniC , compounds has been determined by X-ray diffraction analysis 

packed sMehvTd T ‘ hat th f faUy addS are made U P of lon g chains 
nnmh f ? de ‘ n the cr y stal ’ the who,e structure being made up of a 

nemenH° f ' S | UC i h ayerS arranged one on the other - these chain?being orfented 
perpendicularly, or nearly perpendicularly, to the plane of the sheets 

P lanar ’ regular hexagonal structure of the benzene ring has been 
estabhshed from X-ray diffraction measurements, and, in addition the 

difrractioT 1101 ^ 6 ° f k Tlany ° thCr aromatic compounds elucidated. X-ray 

r, h r aly r- has a ‘!° been a pp ,ied to « br ° us mater i a 's 

cellulose, the proteins, rubber and artificial long chain polymers 
Determination of the Avogadro Number. Using a crystal of known 
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structure, the size of a unit cell, as determined from X-ray diffraction 
measurements, may be employed to evaluate the Avogadro Number. Thus 
taking sodium chloride as an example, the unit cube contains four sodium 
ions and four chlorine ions. Resulting from X-ray diffraction analysis the 
length of the cube edge is 5*638 x 10~ 8 cm and the volume of the unit cube 
is (5*638 x 10 _8 ) 3 cm 3 . Since the density of sodium chloride is 2*163 the 
volume occupied by four gramme atoms of each element is 4(23*0 — 35*46)/ 
2*163 = 108*1 cm 3 and the ratio of the volume of four gramme molecules 
of sodium chloride to four molecules of this compound is 108*1/(5*638 X 
10- 8 ) 3 = 6*03 x 10 23 . 

Isomorphism 

It is often found that the corresponding compounds of chemically similar 
elements form crystals exhibiting a close resemblance, except in respect of 
their colour. This phenomenon is termed isomorphism , and the compounds 
concerned are said to be isomorphous. 

One of the best examples of isomorphism is to be found in the group of 
compounds known as the alums (see p. 551). The general formula for the 
alums is— 

X 2 S0 4 . Y 2 (S0 4 ) 3 .24H 2 0 

where X is one of the univalent alkali metals, or thallium or the radical, 
ammonium, and Y is one of the trivalent metals, aluminium, iron, 
chromium, gallium, indium, titanium, vanadium, cobalt, manganese, 
rhodium, iridium. 

The colourless, octahedral crystals of potash alum, K 2 S0 4 . A1 2 (S0 4 ) 3 . 
24H 2 0 are closely similar in external form to the violet, octahedral crystals 
of chrome alum, K 2 S0 4 . Cr 2 (S0 3 ) 4 .24H 2 0. This similarity of crystalline 
form is emphasized by the fact that if a crystal of chrome alum is suspended 
in a solution of potash alum the colourless potash alum will crystallize in 
layers parallel to the faces of the chrome alum. The alums thus possess 
the abi ity to form overgrowths. Similarly, if a solution of two isomorphous 
salts (e.g. a mixture of two alums, or a mixture of a phosphate and an 
arsenate) is allowed to crystallize, the resulting crystals are homogeneous 
in composition containing both substances in the ratio of their relative 
proportions in the initial solution. Such homogeneous solids are known 
as solid solutions. Sometimes the term “mixed crystals” has been employed 
instead of the “solid solution,” but the latter term is to be preferred since 
the solid which crystallizes out is a true homogeneous solution of one 
substance in another, and has many of the properties of a solution. 

Solid solutions occur frequently in metallic alloys the properties of 
which substances they influence considerably. 

The phenomenon of isomorphism was first observed by Mitscherlich who 
concluded that substances which are similar in crystalline form and in 
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chemical properties may usually be represented by similar chemical formulae; 
this statement is known as Mitscherlich’s Law of Isomorphism. 


Polymorphism 


Many substances are capable of existence in more than one crystalline 
form; this phenomenon, known as polymorphism , occurs in a large number 
of substances of widely differing characteristics, both elements and com¬ 
pounds, inorganic and organic, and such substances are termed dimorphic , 
trimorphic and so on, according as there may be two, three or more forms 
capable of separate existence. 

When polymorphism is exhibited by an element this phenomenon is 
usually termed allotropy. Should each of two forms of a polymorphic 
substance be isomorphous with a form of another polymorphic substance 
this phenomenon is known as isopolymorphism. Thus, arsenic trioxide and 
antimony trioxide are isodimorphous, whilst stannic oxide and titanium 
dioxide are isotrimorphous. 

Three types of allotropy are distinguished, namely monotropy, enantio- 

tropy, and dynamic allotropy. In the case of monotropy only one allo- 

tropic modification exhibits stability under normal conditions, other 

modifications being unstable (i.e. metastable) and tending to transform 

into the stable form. Examples of monotropy are provided by carbon in 

which case graphite is the stable form, the metastable form being the 

diamond; and by phosphorus where red phosphorus is the stable form 

and yellow phosphorus the metastable form. Thus, this polymorphic 

change can only take place in one direction, that is from the metastable 
form to the stable form. 


In the case of enantiotropy each allotrope of the substance is only 
capable of stable existence over a specific temperature range. The tem¬ 
perature at which one allotropic form transforms into another form is 
known as the transition temperature or transition point. At the transition 
point the change from one form to the other may occur in either direction • 
it is a reversible transformation, and only at the transition point can the 

two forms co-exist. Examples of enantiotropy are provided by rhombic 
and monoclinic sulphur, and grey and white tin. 

In dynamic allotropy the allotropes of a substance are capable of co¬ 
existence and possess stability over a wide range of physical conditions 
variation of physical conditions within this range causing a change in 
the proportions of the different allotropes. One of the simplest examples 
of dynamic allotropy is provided by iodine vapour. There P are two allo¬ 
tropes, the monatomic molecule, /, and the diatomic molecule /„ and as 

vary Xs at a U t r 500° V c ri fh d S ° ** pr °P° rtions of these two allotropes also 

vary thus, at 500 C, there are no monatomic molecules present but as 
the temperature progressivley rises, so the proportion of these molecules 
incieases, being 40 per cent at 1000’C, and 85 per cent at 1500°C 
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Diffusion in the Solid State 

It has been shown above that crystalline solids consist of a three dimen¬ 
sional recurring array with either atoms or ions occupying fixed points in 
the space lattice. Although each ion (or each atom) may still oscillate 
about a mean position, it does not possess the same freedom of movement 
as when the substance it composes was in either the liquid or the gaseous 
states. Nevertheless, in spite of such relative fixity of position it is possible 
for any ion (or atom), by virtue of collision with its neighbours, to attain 
a velocity sufficient to cause its movement to some other position in the 
space lattice, with the result that its original position will be occupied by 
some other ion or atom. In this manner a very slow diffusion in the solid 
state may occur. 

The simplest possible condition of such diffusion is that of* “self- 
diftusion,” in which there occurs a migration of atoms in a solid, composed 
entirely of the same kind of atoms, by a simple exchange of position. 
Hevesy studied such a phenomenon by measuring the diffusion of thorium 
B, a radioactive isotope of lead, through ordinary lead. The use of a 
radioactive isotope in this manner amounts, more or less, to the attaching 
of labels to atoms in order that they may be readily identified on arrival 
at their destination. 

In general, for atoms of similar size, diffusion through a space lattice 
implies that the diffusing element is capable of entering into solid solution 
with the “solvent” element. If such solid solubility is unattainable then 
diffusion in the solid state is confined to the grain boundaries, due possibly 
to a disturbance of the lattice in these regions. These statements are in 
line with the findings of Hevesy who noted that with increasing reduction 
in the grain size, the more rapid was the rate of diffusion, whilst in the case 
of a single crystal of lead diffusion was imperceptible. 

At any given temperature, atoms which form interstitial solid solutions 
(e.g. carbon and nitrogen in iron) in general exhibit rates of diffusion 
greater than those of atoms which form substitutional solid solutions. 

This phenomenon of diffusion in the solid state is of very great technical 
importance and constitutes the underlying basis of such metallurgical 
processes as carburizing, or cementation (diffusion of carbon into iron), 
calorizing (diffusion of aluminium into iron), sheradizing (diffusion of 
zinc into iron), nitriding (diffusion of nitrogen into alloy steel), chromizing 
(diffusion of chromium into iron). Diffusion in the solid state may also 
give rise to the production of metallurgical faults as when at an exceedingly 
high temperature nitrogen diffuses into plain carbon steel during arc 
welding; thus a weld brittleness or “rottenness” results. 

It should be noted that after diffusion has occurred, intermetallic 
compounds are often formed, for example, iron carbide (cementite) is 
produced during the processes of carburizing and cementation. 
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Specific Heats of Solid 

As explained above, the atoms or ions in a solid are never at rest but at 
all temperatures—even at the absolute zero—exist in a condition of 
vibration about certain mean equilibrium positions. As the temperature 
rises the amplitude of vibration increases and hence also the mean potential 
and kinetic energies. It is the rate of increase of the vibrational energy with 
temperature which determines the specific heat of solids. It will be recalled 
that the “law” of Dulong and Petit states that “most solid elements have 
the same atomic heats.” This “law” is however inexact as is evident from 
Table 23. 

Table 23 

Atomic Heats of Solid Elements 


(at constant pressure and 20° C) 


Element 

Atomic 

Specific 

Atomic 


Weight 

Heat 

Heat 

Lithium . . . | 

7 

0-92 

6-4 cal 

Aluminium . 

27 

0*21 

5-7 

Calcium 

40 

015 

6-0 

Iron . . j 

56 

Oil 

6-2 

Arsenic . . . 

75 

0-083 

6-2 

Silver 

108 

0-056 

6-0 

Iodine . 

127 

0-052 

66 

Tantalum 

181 

0-033 

5-9 

Mercury 

! 200 

0-033 

6-6 

Uranium 

1 238 

0-027 

6-4 


Research in recent years has shown that the atomic heats of all solid 
elements approach zero at absolute zero, but at elevated temperatures— 

which are different for differing elements—the atomic heat increases to a 
constant value. This will be evident from Fig. 46. 

The work of Dulong and Petit has been extended bv manv workers 
notably by Joule and by Kopp. The latter worker has proposed the 

f auTn^h™ that / A f molec “' ar heat °f " solid compound is approximately 
equal to the sum of the atomic heats of its constituents; this 7 statement is 
usually known as Kopp’s Law. statement is 


Vapour Pressures of Solids 

A solid like a liquid, exhibits a specific vapour pressure at any one 
temperature There are certain exceptions to this generalization for 
example, helium, when below its critical point, cannot exist in contact 
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with its vapour. Provided that the vapour pressure of a solid is of sufficient 
magnitude it may be measured by the direct static method but in general 
this method is not normally applied because of the relatively low vapour 
pressures experienced; methods involving either transpiration or deter¬ 
mination of loss of weight in vacuum are more usually employed. The 
principles involved are the same as those encountered in the measurement 
of the vapour pressure of liquids (see p. 104). 



Fig. 46. Variation with Temperature of Atomic Heat 

The direct conversion of solid to vapour without the production of 
liquid is known as sublimation. The vapour pressure of a solid increases 
with rising temperature and may be depicted by the so-called “sublimation 
curve which is similar in type to that for the variation of the vapour 
pressure of a liquid with rising temperature (see Fig. 32). 

Fusion of Solids 

When heat is applied to a pure crystalline solid a temperature is ultimately 
attained at which the solid changes suddenly to a liquid; this temperature 
is the melting point. On cooling, the liquid will undergo solidification at 
precisely the same temperature provided that the pressure is maintained 
constant. In general, the effect of variation of pressure on the melting 
point of a crystalline solid is very small indeed; for example, an increase 
of 1000 atmospheres changes the melting point of ice by less than 1 °C. 
The heat absorbed by the melting of a solid to liquid at the melting point 
is termed the latent heat of fusion. 


CHAPTER 8 


DILUTE SOLUTIONS AND THEIR 
COLLIGATIVE PROPERTIES 

A solution is a homogeneous mixture of two or more separate, component 
substances in a condition of molecular dispersion. The term “solution” is 
capable of very wide interpretation since both solvent —the substance 
present in excess—and solute —the dissolved substance—may exist in the 
gaseous, the liquid, and the solid states. Air is a gaseous solution of 
nitrogen, oxygen, carbon dioxide and the inert gases; soda water is a 
liquid solution of carbon dioxide and water, whilst the alloy known as 
brass is a solid solution of copper and zinc. It should be noted that the 
component substances from which a solution is made up are not inter¬ 
convertible by physical methods. 

For the purpose of the present discussion it will be assumed that whilst 
the solvent is volatile, the solute is non-volatile. In the present chapter it is 
the intention, therefore, to discuss some of the more important properties 
ot liquid solutions which are dependent chiefly upon the number, and not 
upon the nature of the molecules present. Such properties are usually 
termed colligative properties , although they are sometimes referred to as 
osmotic properties. The specific properties to be discussed are the lowering 
of the vapour pressure, the elevation of the boiling point, the depression of 
the freezing point, and the osmotic pressure of solutions. 

CONCENTRATION OF SOLUTIONS 

The concentration of a solution may be expressed in a number of ways, 
each way having its own usefulness. Often the concentration is expressed 
as the number of grammes of solute per 100 g of solvent or the number of 
grammes of solute per litre of solution. 

It is sometimes more useful to quote the number of gramme molecular 
weights (gramme formula weights) or “moles” per litre of solution; thus 
may be quoted the molarity of a solution. In analytical chemistry great 
use is made of the so-called normality of a solution, that is the number 
of gramme equivalent weights of the solute per litre of solution. 

For certain purposes it is more convenient to report the concentration 
of a solution in terms of molality , that is the number of gramme molecular 
weights (moles) per 1000 g of solvent. Sometimes the concentrations of 
the components of a solution are described in terms of their mol fractions. 
I he mol fraction of a component is the ratio of the number of moles of 
that component to the total number of moles present. The sum of the mol 
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fractions of all the component substances in any given solution is thus 
equal to unity. 

A saturated solution at a specified temperature is a solution which is in 
equilibrium with undissolved solute. By the evaporation or the cooling of 
a solution the solubility of a solute may often be exceeded, and the solution 
then attains the metastable state of supersaturation and is a supersaturated 
solution. Deposition of the amount of solute in excess of solubility 



Fig. 47. Solubility Curves for some Salts in Water 

requirements may be brought about by stirring, or by shaking the solution, 
or, alternatively, by introducing into the solution a crystal of the solute 
(or of some substance isomorphous with it). This latter process which is 
termed seeding or inoculation results in the growth of the crystalline solute 
on top of the crystal introduced. 

Effect of Temperature Variation upon Solubility 

Although the solubility of most substances at constant pressure increases 
with rising temperature, the solubility of some substances decreases with 
rising temperature, whilst in the case of a few substances the solubility 
increases at the lower end of the temperature scale, but falls at higher 
temperatures. These phenomena are related to the fact that the process 
of solution is always associated with either the evolution or the absorption 
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of heat. Those solutes which evolve heat on dissolving (i.e. with a positive 
heat of solution) exhibit a decreasing solubility with rising temperature; 
the reverse holds for those solutes with a negative heat of solution. Most 
solutes belong to the latter group being more soluble in the hot solvent. 
These generalizations are a consequence of Le Chatelier's Principle (see 
p. 224); thus, if a system, made up of solvent and solute, exists in equili¬ 
brium at a specific temperature and the temperature is raised, the equili¬ 
brium will move in such a direction as will tend to restore the system to its 
initial temperature. This shift of equilibrium will involve more solute 



Fig. 48. Equilibrium Diagram for the System 

Sodium Sulphate-Water 


dissolving if the heat of solution is negative, and solute leaving the solution 
should the heat of solution be positive. The relationship of solubility and 
temperature is usually depicted graphically, some typical examples of 
solubility curves being included in Fig. 47. 

An example of a solubility curve which exhibits a sudden change of 

direction with variation of temperature is provided by sodium sulphate 

From Fig. 48 it will be noted that the solubility of sodium sulphate deca- 

hydrate, Na 2 S0 4 .10H 2 O (the stable phase below 32-383°C) increases 

very rapidly with rising temperature. Above 32-383°C, the stable phase is 

anhydrous sodium sulphate, Na 2 S0 4 , the solubility of this phase decreasing 
with rising temperature. b 

The Solubility of Salts and Hydroxides 

It is often of value to know the approximate solubility of common 
substances in water. 
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In the following generalizations on solubility, reference is made only to 
compounds of the elements listed below. 

Sodium, potassium and ammonium. 

Magnesium, calcium, strontium and barium. 

Aluminium. 

Chromium. 

Manganese. 

Iron (Fe ++ and Fe +++ ), cobalt and nickel. 

Copper and silver. 

Zinc, cadmium and mercury (Hg + and Hg ++ ). 

Tin and lead. 

In Table 24 the term “soluble" refers to substances with solubility in excess 
of approximately 1 g/100 ml; the term “insoluble" implies that the solu¬ 
bility is less than about 0T g/100 ml; whilst for substances with solubilities 
lying between, or close to these limits the term “sparingly soluble" is used. 


Lowering of Vapour Pressure 

It has long been known that when a volatile solute is dissolved in a volatile 
solvent the vapour pressure of the solvent is lowered. The first quantitative 
work on vapour pressure of solutions was carried out by von Babo (1847) 
who, after measuring the vapour pressure of aqueous salt solutions at 
various temperatures, concluded that if p 0 is the vapour pressure of the 
pure solvent, and p the vapour pressure of the solution, then for any given 
solution— 

——— = a constant . . . (1) 

Po 

and this expression is independent of the temperature at which measure¬ 
ments are made even though the numerical value of p 0 increases rapidly 
with rising temperature. This ratio (1), is termed the “relative lowering of 
the vapour pressure." 

A little later, Wiillner (1860), also working with aqueous solutions of 
salts confirmed the experimental results of von Babo and in addition 
suggested that the lowering of vapour pressure is proportional to the 
concentration of the solution. Raoult (1887) also confirmed the findings of 
von Babo, and arising from measurements made with a number of solutes, 
in organic solvents in particular, proposed the following relationship— 


Po P = 

Po 


Uo 

mt 

n x + n 2 




where n x = number of mols of solvent, n 2 = number of mols of solute, 
and x 2 = mol fraction of solute. 


Table 24 


Solubility Characteristics of some Common Compounds 


Mainly Soluble Substances 


Compound 

Exceptions 

Nitrates. 


Acetates ..... 
Chlorides, bromides and iodides . 

Silver, mercury (Hg+) and lead, PbCl 2 and 

Sulphates . . . 1 

PbBr 2 are sparingly soluble in cold water 
(lg per 100 ml at 20°C) but more soluble in 
hot water (3g and 5 g respectively per 
100 ml at 100 3 C) 

BaS0 4 , SrS0 4 , PbS0 4 . The following are 

All salts of sodium, potassium 

sparingly soluble, CaS0 4 , Ag 2 S0 4 , Hg 2 S0 4 
NaSb(OH) 6 , K 3 Co(N0 2 ) 6 , K 2 PtCl 6 , 

and ammonium 

(NH 4 ) 2 PtCl 6 , (NH 4 ) 3 Co(NO 2 ) 0 


Mainly Insoluble Substances 


Compound 


Hydroxides 


Carbonates 


Phosphates 


Sulphides 


Exceptions 


Hydroxides of the alkali metals, NH 4 OH 
and Ba(OH) 2 . The following are sparingly 
soluble, Ca(OH) 2 and Sr(OH) 2 

Carbonates of the alkali metals and am¬ 
monium— 

Note: Many hydrogen carbonates, Te.g. 
Ca(HC0 3 ) 2 ] are soluble 

Phosphates of the alkali metals and am¬ 
monium 

Note: Many hydrogen phosphates [e.g. 
Ca(H 2 P0 4 ) 2 ] are soluble 

Sulphides of the alkali metals, ammonium 
and the alkaline earth metals 
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By subtracting unity from both sides of (2) it will be clear that, if x x 
= mol fraction of the solvent— 


And since, 

therefore, 

and 



(■*i -* 2 ) — 1 



P = Po*i 





Fig. 49. Variation with Temperature of Vapour Pressure 
of Pure Water and of an Aqueous Salt Solution 


Thus, the vapour pressure of the solvent in a solution obeying Raoult’s 
equation (2) is directly proportional to the mol fraction of the solvent. 
Equations (2) and (2b) may therefore be regarded as alternative methods 
of expressing what is known as Raoult's Law. The variation of vapour 
pressure with temperature for pure water and for an aqueous salt solution 
are' shown graphically in Fig. 49 from which it will be noted that the value 
of (p 0 — p) increases with rising temperature and also, therefore, with 
increasing pressure. 

Determination of Molecular Weights. Using equation (2), measure¬ 
ments of the lowering of vapour pressure may be employed to determine 
the molecular weights of substances in solution. 

If w 2 g of solute of molecular weight A/ 2 are dissolved in g of solvent 
of molecular weight M l9 then the number of mols of solute and solvent 
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are n 2 = >v 2 /Af 2 , and n 1 = ^\/M l respectively, and substituting in Raoult's 
equation (2) 

Po~P = _ 3/^2 _ 

Po -f- n 2 l M 2 

In dilute solutions the numerical value of n 2 is small in comparison with 
n lt and thus may be neglected, so that (3) may be simplified thus — 

P a P = 

Po 

Thus, by measuring the vapour pressure of 
the pure solvent, p 0 , and that of the solution, 

/?, containing known weights of solvent and 
solute, and u\ 2 respectively, and knowing 
the molecular weight of the solvent, M L , it 
is possible to evaluate the molecular weight 
of the solute, A/ 2 . 

Methods for Measuring Vapour Pressure 

A number of different methods are employed 
for the measurement of the vapour pressure 
of solutions. 

Differential Methods. Although the use 
of a barometer is capable of application in 
certain cases, it is usually not sufficiently 
precise to be generally useful in this con¬ 
nexion. With the object of overcoming these 
difficulties various manometric methods have 
been suggested. 

In a method introduced by Menzies, the 
solution is made to serve as its own mano¬ 
metric liquid. The lowering of vapour pres¬ 
sure is measured at the boiling point so the 
value of ( p 0 — p) is much greater than at room 
temperature. The apparatus is shown in 
Fig. 50. The bulb A contains air-free solvent, which is also placed in the 
inner graduated tube B. Heat is applied to the bulb A and by closing the 
tap E connecting the apparatus to a condenser, and raising the stopper D, 
vapour is forced through the tube C into the liquid contained within tube 
B so raising it to the boiling point. The tap E is then slowly closed and 
the stopper D lowered into position. As bulb A and tube B both contain 
boiling solvent, the levels in B and C should be the same; in actual fact the 
level in C is slightly higher owing to the capillary effect and this difference 
is read off on the graduations on tube C. Heating is stopped, a weighed 


(4) 
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amount of solute added via the ground neck to the tube B f and the “blow¬ 
ing through” procedure, as described above, repeated. The pressure of 
the vapour in bulb A containing pure solvent is now greater than that in 
tube B containing the solution, so that the level of the liquid in tube C will 
be depressed below that of the surrounding solution. This difference of 
level, after making allowance for capillarity, gives (p 0 —p) in millimetres of 
the solution at its boiling point and this value may then be converted into 
millimetres of mercury. The value of p 0 is, of course, the vapour pressure 
at its boiling point, and thus is equal to the barometric pressure. The 
weight of the solute is known, and the weight of the solvent may be calcu¬ 
lated from the volume of the solution in tube B as read off from the 
graduations on the side of this tube. 

Transpiration Method. The transpiration method as outlined on p. 105 
may be employed for the measurement of the lowering of vapour pres¬ 
sure. In this method dry air is drawn in succession through a series of 
Liebig bulbs (see Fig. 51), containing respectively the solution, the pure 
solvent (water), and an absorbent such as sulphuric acid. 


(Arrows indicate direction of flow of air) 

Set A Set B Set C 


Solution with 
vapour pressure 

= P 

(In this set the air is 
saturated with water 
vapour up to p ) 


Pure solvent with 
vapour pressure 

= Po 

(In this set the air is 
saturated with water 
vapour up to p 9 ) 


Concentrated 
sulphuric acid 

(In this set the water 
vapour is completely 
absorbed) 


Fig. 51. Layout of Apparatus used to Determine Vapour 
Pressure by the Transpiration Method 


In passing through the first set of bulbs (Set A , Fig. 51), the initially 
dried air is saturated with water vapour at pressure /?, and this set of bulbs 
decreases in weight by an amount proportional t op; on entering the 
second set of bulbs (Set B) containing the pure solvent the pressure of the 
vapour is increased to p 0 and the second set of bulbs suffers a decrease in 
weight proportional to (p 0 — p). On passing through the third set of bulbs 
(Set C), all the water is absorbed and the water vapour pressure is reduced 
from p 0 to zero, and so the gain in weight of this third set of absorption 
bulbs is proportional to p 0 . The ratio of the loss in weight of the second 
set of bulbs to the gain in weight of the third set is thus equal to (p 0 — p)/p 0 , 
the relative lowering of vapour pressure. 

Loss in weight of Set B _ Lowering of vapour pressure 
Gain in weight of Set C Vapour pressure of pure solvent 

= Po-P 
Po 
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Dew-point Method. Should a vapour at any given pressure be chilled, 
the liquid phase commences to form at the temperature for which that 
pressure is the saturation value. This principle is employed in the so-called 
“Dew-point” method for determining vapour pressure. One form of 



Fig. 52. Dew-point Apparatus for the Measurement of 

Lowering of Dew Point 


apparatus is shown in Fig. 52. The aqueous solution under examination is 

placed in the bulb A , the bulb is evacuated through tube E, and the tap F 

then closed. The whole apparatus is then placed in a thermostat. Water is 

allowed to circulate through tube B via the inlet tube D. Sealed on to the 

end of the tube B is a silver thimble, T. The temperature of the circulating 

water is varied and as its temperature is progressively lowered a temperature 

is ultimately reached at which dew forms on the outside of the silver thimble; 

the temperature at which such dew forms is then read off on the thermo¬ 
meter, C. 
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The saturation vapour pressure of water at this temperature is read off 
from tables and this is the vapour pressure of water vapour in the bulb A 
at the temperature of the thermostat. The molecular weight of the solute 
may then be calculated as in the previous methods. 


Elevation of the Boiling Point 

The boiling point of a liquid is the temperature at which its vapour 
pressure is equal to the atmospheric pressure. Since the addition of a 
non-volatile solute to a pure solvent lowers the vapour pressure of the 
latter, it follows directly that the boiling point of the solution must be 
higher than that of the pure solvent. This is made clear by Fig. 49 (p. 138), 
from which it will be evident that the vapour pressure of a solution is 
always less than that of a pure solvent measured at the same temperature. 
If the boiling point of the pure solvent is T 0 (Fig. 49) and that of the 
solution, T, then the elevation of the boiling point is (T— T 0 ) = A T e , 
which is represented by the line AB. At the temperature T 0 the lowering of 
vapour pressure (p 0 — p) is represented by the line A C. Since at temperature 
T 0 the vapour pressure of the pure solvent p 0 is of a constant value—that 
is, the atmospheric pressure—then at this temperature AC is proportional 
to (Po ~ p)lfo- Further, since in the region of the boiling point the two 
vapour pressure curves approximate very closely to parallel lines then the 
ratio AB/AC will be of a constant value. In other words, the elevation of 
the boiling point is proportional to the relative lowering of the vapour 
pressure. 

According to equation (2), 

(Po-P) .. .. 

— x 2 

Po 

and if A T e = (fo ~ p) 

Po 

then, A T e = k e x 2 .... (4) 

where k e = a constant. 

For dilute solutions the approximate form of (2) may be employed, 
viz.— 


therefore, 


( Po - P) = w 2 M l 
Po M 2 W l 



k e w 2 M 1 

M 2 w x 


(5) 

( 6 ) 


which may be rewritten, 


M 2 = 


k e w 2 M 1 

A7>, 



where A: e = a constant which is specific for each solvent, w l — weight of 
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solvent, h> 2 = weight of solute, M x = molecular weight of solvent and 
M 2 = molecular weight of solute. 

This expression may then be employed for the determination of the 
molecular weight of a solute from measurements of boiling point elevation 
obtained with known weights of solvent and solute. The numerical value 
of k e may be determined for the gramme molecular weight, or any other 
weight of solvent. In Table 25 are given values for this constant for 
1000 g of solvent of various solvents. For this weight of solvent this 
constant is termed the molecular elevation constant or the ebullioscopic 
constant. 


Table 25 


Values of Ebullioscopic Constants 


Solvent 

B.P. 

°C 

Ebullioscopic Constant ( K e ) 

For 1000 g of Solvent 

For 1000 ml of Solvent 

Acetone . . . 

56-5 

1-73 

2-23 

Benzene 

80-2 

2-60 

3*27 

Carbon disulphide 

46-2 

2-35 i 

2-60 

Chloroform . 

610 

3-85 

2-60 

Ethyl alcohol 

78-3 

1*19 

1-58 

Di-ethyl ether 

35-4 

216 

303 

Water . 

1000 

0-52 

0-54 


Equation (7) may now be rewritten as follows— 



Ar e 1000w 2 

A7>! 



where K e = ebullioscopic constant for 1000 g of solvent. 

Van’t HofT (1886) has shown that the ebullioscopic constant may be 
determined by calculation from thermo-dynamical data and— 



*T 0 2 

1000 /, ‘ 



where R = gas constant, T = boiling point of solvent (on Absolute scale), 
and l e = latent heat of vaporization per gramme of solvent. 

If the volume but not the weight of the solvent is known the appropriate 
constant may be calculated from the expression— 



Density 
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where K e = ebullioscopic constant for 1000 g of solvent and K e ' = ebullio- 
scopic constant for 1000 ml of solvent. 

Experimental Determination of Boiling Point Elevation 

Beckmann’s Method. In this method, which is now largely of historical 
interest only, a weighed amount of solvent (approximately 20 g) is intro- 


ft 



Fig. 53. Beckmann’s Apparatus for Measurement of the 

Elevation of Boiling Point 

duced into tube A (Fig. 53) which has a thick platinum wire P sealed in the 
bottom to facilitate the conduction of heat to the solution. The boiling 
point of the solvent is then determined by means of the accurate thermo¬ 
meter T. The tube A is connected to a condenser to minimize loss of 
liquid. A weighed pellet of the solute is then introduced via neck B and the 
boiling point of the solution determined. 

Having obtained from tables the numerical value of the ebullioscopic 
constant the molecular weight of the solute may then be calculated by the 
use of equation (8). 

Landsberger’s Method. The apparatus used in this method is shown in 
Fig. 54. In this apparatus a small volume of solvent is placed initially in 
the graduated tube B contained within the jacket A , and solvent vapour is 
passed from the distillation flask Z), via the delivery tube E , into graduated 
tube B, where it ultimately condenses and raises the temperature of the 
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solvent in this tube to its boiling point. Excess solvent vapour in the tube B, 
escapes through the orifice O and is condensed by the condenser C. 

A weighed amount of solute is then added to the tube B, and the tem¬ 
perature of the solution raised as described above. When constancy of 
temperature is attained it is read off and the volume of the solution, as 
indicated by the graduations on tube B t at once recorded. 

It is important to note here that the solution is raised to its boiling 
point by condensation of solvent vapour entering tube B y and because of 
the liberation of the latent heat of vaporization, the temperature of the 



Fig. 54. Landsberger’s Apparatus for Measurement of 

Elevation of Boiling Point 


solution is finally raised to its boiling point. The thermometer employed 
should be graduated in tenths of a degree and be capable of being read to 

o-orc. 

With the experimental data obtained, and by employing equation (8) 
the molecular weight of the solute may then be calculated. 

Cottrell’s Method. It has been shown that the boiling points of most 
common solvents are approximately 0-1 °C high at a depth of 3 to 4 in. 
below the liquid surface on account of the hydrostatic pressure of the 
column of liquid. The result is that the thermometer indicates the mean 
boiling point which varies throughout the depth of the liquid. These 
difficulties have been overcome by Cottrell who has devised a method in 
which the thermometer is placed in the vapour above the liquid surface, 
the boiling solution being caused to pump itself continuously over the 
thermometer bulb. 
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One form of Cottrell’s apparatus is shown in Fig. 55. Tube A contains 
the boiling solvent or solution as the case may be, a thick platinum wire B 
sealed in the bottom of tube A facilitating uniform boiling. The side tube 
C leads to a condenser and the sheath D prevents the chilled condensate 



Fig. 55. Cottrell’s Apparatus 
for Measurement of Elevation 
of Boiling Point 


from coming into contact with the thermo¬ 
meter T. 

When the tube A is heated by means of 
a small flame, the liquid boils and passes 
upwards through the pump P from the end 
of which it pours over the thermometer 
bulb. The addition of a known weight of 
solute and the reading off of the volume of 
solution after a constant boiling point has 
been attained are carried out as in the 
Landsberger method. 

Depression of the Freezing Point 

A further result following from the lower¬ 
ing of the vapour pressure of a solution 
by a non-volatile solute is that the freezing 
point of the solution is lower than that of 
the pure solvent. This fact has been known 
for many years and Blagden (1788) was one 
of the first to observe that the depression of 
the freezing point was proportional to the 
concentration of the solution; this generaliza¬ 
tion is usually known as Blagden’s Law. 
Resulting from experiments using both 
aqueous solutions of acids, bases and salts, 
as well as non-aqueous solutions of 
organic compounds, Raoult (1878-86) 
found that equimolecular solutions of 
different substances of a similar type in a 


given solvent exhibited the same freezing point. 

A little later Beckmann (1888) introduced improvements in the experi¬ 


mental technique involved in cryoscopy —that is, the study of the freezing 
points of solutions—with the result that it was possible to carry out such 
determinations with the utmost precision. 

The relationship between vapour pressure and the freezing points of a 
solvent and a solution is depicted graphically in Fig. 49. The freezing point 
of the solvent (water), / 0 , is indicated by D, the point of intersection of the 


vapour pressure curves for ice and water respectively since at this tempera¬ 
ture the solid and liquid phases exist together in equilibrium. In a similar 
manner the freezing point of the solution is indicated by the point Fat the 



CONCENTRATION OF SOLUTIONS 


147 


temperature t since at this temperature the solution and the pure solid 
solvent (ice) are in equilibrium. Thus, the lowering of the freezing point 
is (/ 0 — t) = A T f . Now the line DE (Fig. 49) is equivalent to the lowering 
of the vapour pressure (p 0 — /;) at the temperature r 0 , and since at t 0 the 
numerical value of p 0 is constant, it follows, as shown previously when 
discussing the theoretical principles underlying the elevation of the boiling 
point (page 142), that DE is proportional to the relative lowering of the 
vapour pressure. Since, in the vicinity of the freezing point the vapour 
pressure curves may be regarded as parallel the ratio FE/DE is of a 
constant value. Thus, the depression of the freezing point is proportional 
to the relative lowering of the vapour pressure, and hence to the mol 
fraction of the solute, x 2 . 

Therefore, as in the case of equation (6) 



k f w 2 Afj 
M 2 h\ 


which may be rewritten as follows— 


(ID 



k f \v 2 M x 
A7>i 



where w 1 = weight of solvent, w 2 = weight of solute, M x = molecular 
weight of solvent, M 2 = molecular weight of solute, A 77 = depression of 
the freezing point, and k f = a constant. 

The molecular weight of the solute may be evaluated by the use of 
equation (12). Comparison should be made with equation (8) employed 
for the determination of the molecular weight of the solute from ebullio- 
scopic data. For the determination of the molecular weight equation (12) 
is more conveniently written in the following form— 



K f \OOOw 2 M l 

&T fWl 



where K f - the cryoscopic constant for 1000 g of solvent. Other symbols 
nave their previous significance. 

The cryoscopic constant may be calculated from thermodynamic data 
oy the use of the following expression (cf. equation (9)) 


TS _ 

f ~~ 1000/ r . (14) 

where R ~ gas constant, t 0 = freezing point of solvent on Absolute 
emperature scale and l f = latent heat of fusion per gramme of solvent. 

ome typical values for the cryoscopic constants for a number of 
common solvents are given in Table 26. 
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Table 26 


Values of Cryoscopic Constants 


Solvent 

F.P. 

(°C) 

Cryoscopic Constant per 
1000 g of Solvent (K f ) 

Acetic acid 

17-0 

3-90 

Benzene 

5-4 

510 

Bromoform . 

7-6 

14-3 

Camphor 

1750 

400 

Cyclohexane . 

6-4 

20*2 

Naphthalene . 

800 

70 

Nitrobenzene 

3-6 

6-9 

Phenol . 

390 

5-3 

Water . 

00 

1-86 


Experimental Determination of Freezing Point Depression 

Freezing point measurements may be made with great precision and are 
frequently employed therefore for the determination of molecular weights. 

In making such determinations however two facts must be kept con¬ 
stantly in mind; they are— 

(a) Dilute solutions should be employed, and 

(i b) It is essential that the crystals which separate on chilling consist 
entirely of the pure solvent. 

If concentrated solution and/or solid solutions form on chilling, the 
mathematical expressions for the molecular weight determination are 
invalid. 

Beckmann’s Method. The apparatus used in this method is depicted 
diagrammatically in Fig. 56. 

A known weight (e.g. 20 g) of solvent is placed in the freezing-point 
tube A which is fitted with a stirrer D and a very sensitive thermometer T. 
This tube is fitted inside another tube B , so leaving an air space between 
the two tubes. This assembly is then immersed in a vessel C which contains 
a suitable freezing mixture (in which a stirrer F is immersed), whose 
temperature is not more than 5°C below the freezing point of the pure 
solvent contained in tube A. The pure solvent is thus chilled and its 
temperature is allowed to fall until it is about 0*5°C below its freezing 
point when the solvent is stirred vigorously. Crystallization commences 
at once and the temperature of the solvent rises to its freezing point which 
is then recorded. To the solvent a weighed amount of solute is then added 
via the side tube E and the freezing point of the solution determined in the 
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manner described above. This procedure is then repeated with several 
successive additions of solute. 

The thermometer usually employed in this method is of the type origin¬ 
ally devised by Beckmann, being usually referred to as the “Beckmann 
thermometer.” In essence, the Beckmann thermometer consists of a very 




Fig. 57. Constructional Details 
of Beckmann Thermometer 


sensitive thermometer which may have mercury transferred to or from the 
bulb B (Fig. 57). Thus the thermometer may be employed over a wide 
range of temperature and for a variety of solvents whilst retaining a high 
degree of accuracy on account of the fine capillary. In operation use is 
made of the reservoir R; for example, if it is desired to withdraw mercury 

the n tW C reSer t V ° lr when ^ploying solvents having low freezing points 
e thermometer is inverted and the upper end tapped gently so as to 

ring the mercury in R into connexion with the capillary. The bulb B is 
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then very cautiously warmed so that the mercury in the capillary rises, and 
ultimately unites with the mercury in the reservoir. Bulb B is then cooled 
in a water bath whose temperature has been adjusted to lie 2 to 3°C above 
the freezing point of the pure solvent to be employed in the molecular 
weight determination. After allowing sufficient time for the mercury in 
bulb B to attain the temperature of the water bath the top of the thread is 
tapped, thus causing the mercury in the reservoir to separate from the 
capillary. This setting of the thermometer is then tested by immersing the 
thermometer bulb in the freezing solvent when the mercury in the capillary 
should stand just below the uppermost graduation on the scale S. 

Rast s Method. From Table 26 it will have been noted that the cryo- 
scopic constant for camphor is unusually high, that is, 40. This fact is of 
considerable importance in that it is thus possible to make determinations 
of molecular weight when only very small amounts of the solute soluble 
in camphor are available. A few milligrammes of the solute are mixed 
with about ten times their weight of camphor and the mixture melted. 
After solidification has occurred the mixture is finely ground and a known 
weight transferred to a moderately wide melting-point tube attached to a 
thermometer bulb. On account of the large cryoscopic constant for cam¬ 
phor a thermometer graduated in tenths of degrees permits of readings of 
sufficient accuracy being obtained. The thermometer with the attached 
tube is heated in a paraffin bath and the temperature at which the last 
traces of solid camphor melt is taken as the freezing point of the solution. 

OSMOSIS AND OSMOTIC PRESSURE 

If the two compartments of a divided cell, in which a piece of animal 
membrane (e.g. pig’s bladder) constitutes the common partition wall, are 
filled with water and alcohol respectively it will be found that the water 
will pass through the membrane into the alcohol but that the alcohol is 
unable to pass through the membrane into the water. This fact was first 
noted by the Abbe Nollet (1748). In a similar way if red blood corpuscles 
are placed in distilled water they swell and finally burst, since the cell 
walls are permeable to water but not to certain of the substances in 
solution within the cell, and water passes inwards into the cell in an effort 
to establish a condition of equilibrium (i.e. equality of water vapour 
pressure) between the water outside the cell and the solution within the cell. 

In this particular case, equilibrium is not attained since the cell wall lacks 
the strength to withstand the hydrostatic pressure which would obtain 
when the water vapour pressure of the solution inside the cell equalled the 
vapour pressure of the distilled water in which the cell is immersed. 

Van’t Hoff (1886) suggested that such materials as pig's bladder and the 
cell walls of red blood corpuscles, which permit the diffusion of pure 
solvent but not that of the solution, should be termed semipermeable 
membranes. 
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This phenomenon of the spontaneous flow of a solvent (often water) 
through a suitable membrane into a solution, or from a dilute to a more 
concentrated solution is known as osmosis. The phenomenon of osmosis 
may also be demonstrated by covering the large open end of a thistle 
funnel with a piece of pig’s bladder (or alternatively with parchment paper 
or a piece of “Cellophane”), the funnel is then inverted and filled with a 


SugarSolution 


concentrated sugar solution and allowed to 
dip into a beaker containing distilled water 
{see Fig. 58). The water level in the stem of U 

the thistle funnel will rise until the hydrostatic | 

pressure due to the head of water causes water £ 

to flow from the thistle funnel, through the [ 

membrane, into the beaker at exactly the same | 

rate as water is caused, by osmosis, to flow E 

into the thistle funnel from the beaker. I 

Such membranes as those described above _ E 
are not very satisfactory inasmuch as they are Solvent p SugarSolution 
not completely semipermeable and the solute I [ / 

tends to leak out of the retaining vessel into if/ 

the pure solvent. In addition, such arrange- 
ments suffer from the disadvantage that the 
solution contained within the thistle funnel 
is diluted considerably by the water which 
passes inwards. // 

After examining a large number of sub- 
stances, Traube (1864) found that copper 
ferrocyanide, Cu 2 [Fe(CN) 2 ] was capable of - '///s■ y/ / 

acting as an efficient membrane, being much ^ ^^ y//? 

superior to animal and vegetable membranes Semipermeable 

in this respect. Copper ferrocyanide is ob- „ ^ mne 

viously far too fragile a substance to use as a 58 ‘ Ex P e " ment to 

semipermeable membrane when in the unsup- Demon strate Osmosis 

cnmnl C T dhi ° n> but Pfefrer (l877 > showed ‘hat b Y precipitating this 

strp P »v! nd r thin the P ° res of an un glazed porous pot it is possible to 
strengthen the membrane enormously, and if, in addition, a closed mano- 

j. 6 . r e em P lo y ed >t is possible to make measurements of the pressure 

tim. , OSm ° sls Wlth °ut the solvent actually entering, and therefore dilu- 

termpH so utlon u nder investigation. This pressure due to osmosis is 
termed the osmotic pressure of a solution. 

Dress', S .rrf,°r an ! 1 a a PP reciate at this P° int that if a progressively increasing 

solvent in, X ?u Cd f ^° m an external source on the solution, the flow of 

slacken ,h° the so utlon thro ugh the semipermeable membrane will 

solvent’ Tu” Cea f and final] y solven t will flow from the solution into the 
• lhus, the osmotic pressure of a solution may be defined as the 

6—(T.447) 


--- - ' < < 9 

oemipermeobte 

Membrane 

Fig. 58. Experiment to 
Demonstrate Osmosis 
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pressure which must be exerted upon a solution so as just to prevent the 
flow into it of solvent through a semipermeable membrane. 

The apparatus used by Pfeffer is 
shown diagrammatically in Fig. 59. 
The unglazed porous pot within the 
pores of which copper ferrocyanide 
has been precipitated, is shown at A. 
A mercury manometer A/, filled with 
nitrogen, is connected by a side arm 
B to the porous pot A. The porous 
m pot and the remaining space in the 
side tube not occupied by mercury is 
filled with the solution under examina- 
tion and the glass tube C finally sealed 
off leaving no air in the porous pot. 
The assembly is then placed in water 
maintained at a constant tempera¬ 
ture until a constant pressure is in¬ 
dicated by the mercury manometer 
when the osmotic pressure is deter¬ 
mined from the manometer reading. 

Fig. 59. Pfeffer’s Apparatus for Pfeffer ’ s technique in a somewhat 
the Measurement of Osmotic elaborated form was also employed by 

Pressure Morse and Frazer (1901-23). 

A somewhat different method for 
the measurements of osmotic pressure was introduced by the Earl of 
Berkeley and Hartley (1906-9). The apparatus these workers employed 
is shown diagrammatically in Fig. 60. Tube A is an open-ended 



Fig. 60. Apparatus used by Berkeley and Hartley 

to Measure Osmotic Pressure 
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porous tube with a copper ferrocyanide membrane precipitated within 
its walls. After fixing tube A with liquid-tight joints in an enclosing 
bronze vessel B, tube A is filled with the pure solvent. The solution 
under investigation is contained within the bronze vessel B. A hydro¬ 
static pressure is applied to the tube C and the direction of flow of 
solvent observed by noting the liquid level in the capillary tube D. Two 
pressures were determined, one which just permits a slow flow of solvent 
into the solution, the other—a higher pressure—which just allows the 
flow of solvent from the solution. The mean of these two pressures is 
taken as the osmotic pressure of the solution. 

Influence of Concentration and Temperature upon Osmotic Pressure 

Van t Hoff (1886) pointed out that a close parallel exists between the 
osmotic pressure of a solution and the pressure of a gas. 

Influence of Concentration. The osmotic pressure of a solution is directly 
proportional to the concentration of the solution, and therefore varies 
inversely as the volume of the solution. 

Table 27 gives some results for cane sugar solution. 


Table 27 

Osmotic Pressure of Cane Sugar Solutions at 0°C 




Volume of Solution 


Concentration 

Osmotic 
Pressure, P' 

L, containing one 
gramme molecular 

P'V 

(g/litre) 

(atmospheres) 

Weight of Cane Sugar 




(litres) 


202 

0-134 

169-3 

22*7 

1000 

0-66 

34-2 

22-6 

2000 

1-32 | 

17-1 

22-6 

45-00 

2-97 

7-60 

22-6 

93-75 

6-18 

3-65 

22-5 


Boyle’s Law may be expressed mathematically as 


PV — a constant 


(15) 


Tabled inC ' Ude S ° lutionS since ’ as is show " above in 

containim» h nnP o dU ° f the , osmotlc pressure and the volume of solution 
contammg one gramme molecular weight of the solute is of a constant 

^Influence of Temperature. The influence of temperature is illustrated by 
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Table 28 


Influence of Temperature upon Osmotic Pressure 


Temperature (T) 

Osmotic Pressure (P') 

P'/T 

(°C) 

(°K) 

(mm of mercury) 


6-8 

[ 

279-8 

505 

1-80 

13-7 

286-7 

525 ! 

1-83 

22-0 

295-0 

548 

1-85 

32-0 

305-0 

544 

1-79 

36-0 

309-0 

507 ! 

1-83 


From this table it is clear that the osmotic pressure increases with rising 
temperature. The proportionality of osmotic pressure to the absolute 
temperature is indicated by the constancy of the ratio, osmotic pressure/ 
absolute temperature, as given in the last column in the above table. 

Since in the case of dilute solutions the osmotic pressure is proportional 
to the concentration of the solution, and also to its absolute temperature, 
these two statements may be combined, as in the case of gases, so that— 

P'V=RT .(16) 

where P' = osmotic pressure of the solution, V = volume of solution (in 
litres) containing one gramme molecular weight of solute, R = gas con¬ 
stant (0 0815 litre-atmosphere), and T = temperature of solution on the 
absolute temperature scale; or, expressed in words— 

The osmotic pressure of a dilute solution is equal to the pressure which the 
solute would exert if it were a gas at the same temperature , and occupying 
the same volume as the solution. 

From this statement may be deduced the fact that the gramme molecular 
weight of a solute is that weight which when dissolved in 22*4 litres of solution 
at 0°C will cause the solution to exhibit an osmotic pressure of one atmosphere. 

It also follows, by analogy with Avogadro’s Hypothesis, that equal 
volumes of solutions which at the same temperature exhibit the same 
osmotic pressure contain the same number of solute molecules. Solutions 
exhibiting the same osmotic pressure are said to be isotonic. Thus, as 
described earlier, if red blood corpuscles are placed in distilled water they 
swell and finally burst; but if instead they are placed in normal saline 
solution (0-91 per cent sodium chloride solution) the red corpuscles neither 
swell as when placed in distilled water, nor shrink as when placed in 
strong sodium chloride solution, because the normal saline solution and 
the solution within the corpuscles are isotonic. 

When, as a result of osmosis, a cell suffers shrinkage, this phenomenon 
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is termed plasmolysis , and the cell is said to be plasmolyzed. It should be 
noted here that the generalizations given above are not confined to those 
substances capable of volatilization at the temperature of the solution; 
they apply to all solutions although they are subject to the limitations that 
the total volume of solute molecules must be small compared with the 
volume of the solution. In the case of concentrated solutions deviations 
occur from this generalization just as gases at high pressures do not conform 
exactly to the gas laws. 

Relationship of Osmotic Pressure and 

Vapour Pressure 

Van’t Hoff showed that the lowering of the (p) 
vapour pressure of a solution is related 
directly to its osmotic pressure. This relation¬ 
ship may be deduced as follows. The beaker 
B (Fig. 61) which contains pure solvent is 
confined at a constant temperature within a 
bell-jar A. Into the solvent dips an inverted 
thistle funnel Z), the end of which is closed 
by a semipermeable membrane C; the thistle 
funnel is filled with the solution under in- 
vestigation. The bell-jar is evacuated. As a 
consequence of its osmotic pressure, the 
solution takes up solvent via the semiper- FlG * 6,< Va P our Pressure 
meable membrane until the hydrostatic and Osmotic Pressure 

pressure due to the column of liquid D is ° f a Dl ute Solutlon 

equal to the osmotic pressure acting in the reverse direction. When this 
obtams, the vapour pressure of the solution p must be in equilibrium 
with that of the solvent p Q , that is, the difference between the vapour 
pressures at the levels E and F must be equal to the hydrostatic pressure 

linniH 0 U tT n °[ Vap u ur ° f height 7/ ’ that is ’ the hei § ht of the column of 
liquid within the tube D. 

In other words— 



. Po~P = ±p = hci . . . . (17) 

wheie d = density of the vapour. 

nioI( f ular weight of the solvent be A/, then the volume occupied 
grven J^°_ SO vent va P our at pressure p 0 and the absolute temperature T is 



Therefore, since density is mass per unit volume— 





( 19 ) 
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where d = density of the vapour, V = volume of the vapour, p 0 = pres¬ 
sure of the vapour, R = gas constant, and T = absolute temperature of 
vapour. 

Assuming that the density of a dilute solution to be that of the pure 
solvent S y then the osmotic pressure of the solution P' is given by the 
equation (20). 

P' = hS or h = ^ . . . . (20) 

*3 

But, from (17), Ap = hd 


Therefore, introducing in 
(20) respectively— 


(17) the values for d and h as given by (19) and 



. ( 21 ) 


which may be rewritten— 



A p _ MP' 
Po SRT 

r , 

p 0 M 


■ (22a) 
• (22b) 


The accuracy of equation (22b) may be tested by comparison of the 
measured osmotic pressures with values calculated from vapour pressures. 
This is illustrated by the data in Table 29. 


Table 29 


Observed and Calculated Osmotic Pressures for Sugar 

Solutions at 30° C 


Concentration of Solu¬ 
tion (Moles per 1000 g 
of Solution) i 

Osmotic Pressure 
(atmospheres) 

Observed 

Calculated 

01 

2-47 

2-47 

10 

27-22 

27-0 

20 

58-37 

58-5 

30 

95-16 

96-2 

40 

138-96 

138-5 

50 

187-3 

183-0 


But since in the case of dilute solutions, 

= ——— . . from Eq. (2) 

P0 n l + n 2 
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which may be simplified for dilute solutions, thus, 



where n x and n 2 are the number of moles of solvent and solute respectively, 
therefore, from (22a), 



A p _ n 2 MP' 



p a SRT 


And since, 

• 

• 

• 

• 

II 

• (24) 

then, 

p , y _ n 2 RT 

• • • • 

"l 

■ (25) 

The ratio n 2 /n x 

is the number of moles of solute per mole of solvent. 

so that 


P'V = n 2 RT . 

■ (26) 


which is an equation analogous to the simple gas law equation. 

Determination of Molecular Weight from Osmotic Pressure Measure¬ 
ments. It has been established (equation (26)) that 


P'V = n 2 RT 


But, 


tin = 


rv 


M 


(27) 


Wh e re W = weight of solute in V litres of solution, and M = molecular 
weight of solute. 


Therefore, 


P'V = 


and, 


M = 


wRT 

M 

wRT 

P'V 


• (28) 


• (29) 


knowin'Tiha wh' 0n ‘ he m ° IeCular wci S ht of the solute may be evaluated, 
nume ral v, the 8 as constant R 0 0815 litre-atmospheres, and the 
numeiical values of iv, T, P and V as observed data. 

has oidv C fo!?nH° f th ® difficu,t y of measuring osmotic pressures this method 
ofve"L2 , m„, apP ' Cat,0n u a limited fle,d - name| y for ‘hose substances 

lar weights oTim mo W6 ' g ’ 6g ' pr ° teinS ’ hish pol >™ ers havin 8 

Alfhoush all f T ” c ‘ c "" ini "R Molecular Weights in Solution, 

ernoloved ,n H ^ method5 described previously in this chapter may be 
ployed to determine within 5 per cent or less the true molecular weight 
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of substances which cannot be vaporized without undergoing decomposi¬ 
tion, that method involving measurements of the depression of the freezing 
point is generally preferred, firstly because such determinations are more 
easily made, and secondly because this method gives the most accurate 
results. Using Beckmann’s method results may easily be obtained within 
1 per cent of the theoretical value. In connexion with this particular 
method it is important that there must not be too great an undercooling, 
nor must the solvent and the solute be capable of forming solid solutions; 
in addition the solutions investigated should be dilute. 

Abnormal Molecular Weights 

In spite of taking the precautions just enumerated, abnormal values are 
obtained for the molecular weights in the case of certain solutes. Such 
abnormalities may be caused by the phenomena either of (a) association, 
or (b) dissociation. 

Association. Certain substances give values for molecular weights in 
solution which are higher than the true molecular weights. Thus, acetic 
acid in benzene has a molecular weight of 120 instead of 60 as calculated 
from the formula, CH 3 COOH. Measurements of the freezing point of 
acetic acid solutions in water give for the acid the normal molecular 
weight of 60. 

In such cases as this it is considered that a condition of equilibrium 
exists between the simple and complex molecules of the acid thus, 

(CH 3 COOH) 2 ^ 2CH 3 COOH 

(associated state) (normal state) 

and this equilibrium is influenced by the solvent, the concentration of the 
solute and the temperature. This view is supported by the fact that in the 
region of its boiling point the vapour density of acetic acid is much greater 
than its normal value (i.e. 30); in other words, the vapour would appear 
to be in the “associated” state. This phenomenon is termed association. 

Dissociation. In contrast to compounds such as acetic acid, which is 
associated in benzene, most salts in aqueous solution give values for the 
molecular weights which are lower than those calculated from the formulae 
of these compounds. This fact is due to the ionic dissociation which these 
compounds undergo on dissolving in water. 

Although potassium chloride in the crystalline state is made up of a 
rigid assembly of potassium and chlorine ions, on dissolving in water 
these ions are no longer held in position since the attractive forces between 
neighbouring ions have been weakened by the water. Thus, more and 
more ions tend to move apart from one another into the solution in a 
haphazard, unpartnered manner the more diluted the solution becomes. 
This may be represented thus— 

KC1 ^ K+ 4- cr 
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The magnitude of the dissociation of the solute, that is, the degree of 
dissociation, may be evaluated in a manner similar to that employed to 
determine the degree of thermal dissociation (see p. 31). The following 
example will help to make clear the method of calculation involved. 

The molecular weight of potassium chloride as determined by measurements 
of the freezing point of an aqueous solution of this salt was 41-4. Calculate 
the degree of dissociation of this salt. 

Suppose that there are n molecules of potassium chloride and that the 
fraction of each molecule which undergoes dissociation is a, then in the 
equilibrium condition there will be /i(l — a) molecules of undissociated 
potassium chloride and nx ions of the potassium and chlorine ions respectively. 

KC1 ^ K+ + Cl' 

«(1 — a) nx nx 

Reduced to its lowest terms this equation is— 

KC1 ^ K+ + cr 

(1 — a) a a 

Thus, the total number of particles present is 1 -fa. 

Now Observed molecular weight 1 

Theoretical molecular weight ~ 1 -f a 

Introducing data from formula 


and, 


41-4 1 

74-55 1 -f a 

a = 0-799 
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PHASE EQUILIBRIA 

Leading on from the discussion in the last chapter of dilute solutions and 
their colligative properties, it is the intention in the present chapter to 
discuss ( a ) the properties of solutions of volatile substances, and (b) 
concentrated solutions in general, for which purpose use will be made of 
the phase rule and the distribution law. 

SOLID-LIQUID-VAPOUR EQUILIBRIA 

In Fig. 62, the curves OA and OB depict the variation with temperature of 
the vapour pressure of the liquid and the solid forms respectively of a given 
substance. It will be observed that curve OA only extends as far as the 
critical point, but curve OB may be continued to the absolute zero. 
Curve OA corresponds to the equilibrium conditions of temperature and 
pressure for a system of liquid and vapour, whilst OB similarly corresponds 
to the conditions of temperature and pressure under which a system of 
solid and vapour are in equilibrium. 

The point O at which these two curves intersect must be the point at 
which the three physical states of the substance—solid, liquid and gaseous 
—may co-exist; hence, the point O is known as the triple point. 

The influence of pressure on the melting point of the solid is indicated 
by the curve OC. (It should be noted that the slope of OC is grossly 
exaggerated for the purpose of clarity.) Thus, OC depicts the tempera¬ 
tures and pressures at which the solid and liquid phases may exist in 
equilibrium. 

In Fig. 62 the effect of increase in pressure is shown as lowering the 
melting point of the solid, as, for example, in the case of water. The curve 
OC intersects the curves OA and OB at the triple point O where all three 
phases may co-exist. In the case of water, the triple point is at a tempera¬ 
ture of 4- 0-0075°C, and a pressure of 4-58 mm of mercury. 

From curve OB it will be noted that if vapour at some pressure below 
that of the triple point is chilled sufficiently it will be possible to condense 
the vapour directly to solid without forming liquid as an intermediate 
stage. This represents the condition under which snow and hoar frost are 
produced in the upper atmosphere, and on the ground, respectively. For 
this reason the vapour pressure curve of ice OB is sometimes termed the 
“hoar frost” curve. In a similar manner flowers of sulphur are formed by 
the condensation on a cold surface of sulphur vapour the pressure of which 
is maintained below that of the triple point (see Fig. 65). 
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Just as vapour may be converted directly to solid, so conversely a solid 
may be completely vaporized without the" production of the intervening 
liquid phase provided that the pressure of the vapour is not allowed to 
exceed that of the triple point. 

If the vapour pressure of a solid is higher than that of the atmosphere 
it is readily possible to purify it by making use of a process depending 



In the f nn f clp ! s J ust described; this process is known as sublimation. 
when .if ° f ,.! 0dlne ’ the tem Perature of the critical point is 11415°C 

heated .n eC,U lUm P '' eSSUre * 900 mm of mercu ry. Th t«, if iodine is 
mel il s °me temperature below 114-15°C, it will vaporize without 

be maintafned h f condensed on a coo > ^face the pressure will 

will occur fhh bC ° W K 90 mm S ° th3t va P orlzat i°n of the whole of the solid 

iodine am h™ Subst f nc f ca P able of sublimation in a similar manner to 
looine are benzoic acid and naphthalene. 

<“ er tain substances, however, have triple point pressures in excess of 
mosphere. Carbon dioxide is an example of such a substance for which 
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the triple point pressure is 5-11 atmospheres at — 56-4°G. Such a substance 
cannot be melted by heating at atmospheric pressure, since liquid carbon 
dioxide may only be formed if the pressure exceeds 5-11 atmospheres; at 
all pressures lower than this value the solid passes directly into the gas. 

The diagram shown in Fig. 62 is termed a “phase diagram” or an 
“equilibrium diagram.” By means of phase diagrams a great deal of 
valuable information may be obtained; for example, suppose the pressure 
of a system remains at a constant value above the triple point whilst the 
temperature is progressively raised it will be evident that the whole of the 
substance will ultimately be converted from the solid to the liquid state. 
Similarly, if, whilst the temperature is maintained at a constant value, the 
pressure is progressively reduced, it will be obvious that complete vapori¬ 
zation will ultimately occur. Thus, the phase diagram may be divided into 
three areas, each occupied by a single, stable phase—the solid, the liquid, 
and the gaseous phases respectively. Two phases may co-exist under the 
conditions of temperature and pressure given by any one of the lines OA , 
OB and OC, but the three phases may only co-exist at one specific 
temperature and pressure—the triple point. 

It is sometimes possible to cool a liquid below its freezing point without 
solidification occurring; this is termed supercooling or undercooling. This 
phenomenon is represented by the line OA' along which the liquid-vapour 
system exists in a condition of metastable equilibrium. The addition of a 
small amount of the solid phase to the liquid-vapour system results in the 
immediate solidification of all of the liquid phase. 

From Fig. 62 it will be noted that the metastable system exhibits a 
higher vapour pressure than the stable system at the same temperature; 
this is always the case and indicates the tendency for the metastable system 
to pass into the stable system. 

Effect of Polymorphic Changes on Phase Diagrams 

As stated earlier, a number of substances, both elements as well as com¬ 
pounds, exist in polymorphic forms. Each of such polymorphic forms has 
its own characteristic vapour pressure, and two general types of vapour 
pressure-temperature relationships may be distinguished according as to 
whether the substance in question exhibits either monotropy or alterna¬ 
tively enantiotropy. 

Discussing first the case of a monotropic substance—suppose it is the 
a-form which is stable whilst the /5-form is the metastable form. The 
vapour pressure-temperature curve for the a-form is depicted as AB 
(Fig. 63), whilst that of the /5-form is shown as the curve DE. The meta¬ 
stable /5-form will tend to transform into the stable a-form as is indicated 
by the fact that the former has a higher vapour pressure at all temperatures. 
The curve BC represents the vapour pressure-temperature relationship for 
the liquid, whilst the point B is the triple point at which the a-form, the 
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liquid and the vapour co-exist in equilibrium. The point E is the melting 

point, at its own vapour pressure, of the metastable /5-form. 

An extension of the curves, AB and DE y may be made to a point of 

intersection F which is the hypothetical transition temperature, but in 

reality the point Fhas no significance since it is above the melting points of 
the two forms. b r 

A stable substance does not transform spontaneously into a metastable 
substance and in order to obtain the /5-form from the a-form it is necessary 
either to melt or to vaporize the latter and rapidly chill the liquid or the 
vapour obtained. By rapidly chilling the liquid, the system passes down 



pom?r Stable Curve BE and crystals of the separate out at the 

arcd«im < ^H 0f an . e i iantiotropic substance, suppose that the two forms 

ture curve for the , the va P our pressure-tempera- 

=^toS^rsr d byt ^ 

SS ^ ^ ^ 5 t£e t ^ 
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From E to C the vapour nrecc 6 me,astable triple point E is reached. 

P ur pressure curve is a continuation of the curve CD. 
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Likewise, if the liquid is rapidly chilled, supercooling may occur down to 
the point E when the a-form commences to crystallize. 


t 

Pressure 


Fig. 64. Vapour Pressure—Temperature Relationship 

of Enantiotropic System 

a study of curves of the types shown in Fig. 64 an explanation 
obtained of the experimental observations that enantiotropic 
substances such as sulphur and tin melt at different temperatures according 
to the rapidity with which such substances are heated. 


From 
may be 



Pressure 



Temperature 
Fig. 65. Phase Diagram for Sulphur 


The Sulphur System. The phase diagram for sulphur is shown in Fig. 65 
in which curves are included for the enantiomorphic rhombic and mono¬ 
clinic forms. AB is the vapour pressure curve for the rhombic form, and 
BC is the curve for the monoclinic form; the melting point of rhombic 
sulphur is at E (112*8°C) which may only be attained if rhombic sulphur 
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is rapidly heated so that the transition to monoclinic sulphur does not 

occur. Curve BF depicts the influence of pressure on the transition point 

of rhombic sulphur to monoclinic sulphur, whilst CF depicts the influence 

of pressure upon the melting point of monoclinic sulphur. The metastable 

curve EF depicts the influence of pressure upon the melting point of rhombic 
sulphur. 

Thus, this diagram exhibits four triple points, as shown in the following 
table. 5 


Triple 

Point 

Phases in Equilibrium 

5 ( 

Rhombic sulphur 

Monoclinic sulphur 

Sulphur vapour 

c ( 

Monoclinic sulphur 

Liquid sulphur and sulphur vapour 

£ ( 

Rhombic sulphur 

Liquid sulphur and sulphur vapour 

f ( 

Rhombic sulphur 

Monoclinic sulphur 

Liquid sulphur 


It sh° u, d be noted that the pressure at the triple point F is very high so 
tnat in Fig. 65 the slopes of the lines BF and CF have been exaggerated 
very considerably in order to bring Fon to the diagram. 


THE PHASE RULE 

When studying equilibrium diagrams such as those described above the 
generalization known as the Phase Rule is often of considerable value. The 

was Educed from thermodynamic data by J. Willard Gibbs 

Roozebo ^(l884)' Cat '° n l ° chemistry>s chiefly due to H. W. B. 

it ter , m . S ® mpI °y cd in ‘he phase rule will be explained before the rule 
'tsell is stated; these terms are four in number—a system a phase a 
component, and degree of freedom * P ' 

theirs f ° f mat6ria1 ’ S ° lid ’ llC l UKl or g aseous ’ ° r a mixture of 
a definite <f eS ', 1 c ° n8ists of one or more constituents each of which is 
and hoi ’ eparate a ' ld homogeneous substance. Each of these separate 
a bound ° 8e f neOUS substances separated from other parts of the system by 
a bounding face is termed a phase. In many cases k phase is an dement! 
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but it need not always be so; it may be a chemical compound or a solid 
solution. Thus ice, water and water vapour are three phases. A solution 
of ethyl alcohol and water, since they are completely miscible in one 
another constituting a single liquid solution, is a single phase. On the 
other hand, water and ether are not so perfectly miscible as water and ethyl 
alcohol, so that when water and ether are allowed to mix they form two 
layers, and since there is a definite bounding face between these two layers, 
water and ether constitute two phases. In a gas or a mixture of gases, the 
intimate mixing of the molecules renders it homogeneous and such a 
system always constitutes a single phase. 

The simple substances from which phases can be built are known as 
components , the number of components being the smallest number of 
such substances from which the phases can be made. Thus, in the ice- 
water-water vapour system there is one component, namely water, H 2 0. 
The phase rule, however may be applied to more complex systems, for 
example in the equilibrium— 

CaCO 3 ( 5 ) ^ CaOC s) + C0 2 <£)* . . ( 1 ) 

there are three phases, solid CaC0 3 , solid CaO and gaseous C0 2 , and this 
system has two components which may be any two of the phases involved 
in the equilibrium. The dissociation of any carbonate, oxide or similar 
compound involves two components. In the following equilibrium, how¬ 
ever, there are three components 

Fe(j) + H 2 0(g) ^ FeO (s) + U 2 (g) . . (2) 

A system may be subjected to variation by three variable factors, pressure, 
temperature and concentration, that is, the relative amounts of compo¬ 
nents ( not phases) present. 

The relationship between these variables, the components and the phases 
for a system in equilibrium, may be stated in mathematical form, thus— 

F=C-P+ 2 . . . . (3) 

where F = number of degrees of freedom, C = number of components, 
and P = number of phases. 

This is the mathematical expression of the Phase Rule. 

SOLUTIONS OF GASES IN LIQUIDS 

Gases are only partially soluble in liquids, the actual value of the solubility 
being dependent upon the chemical characteristics of the gas and the 
solvent, and upon the temperature and the pressure of the gas. The 
Phase Rule shows that for a system consisting of a gas and a liquid solvent 


* The suffixes (j), (g) and (/) refer to the solid, gaseous and liquid states respectively 
of the compounds or elements whose formula is stated immediately before the suffix. 
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there are two components and two phases, and the number of degrees of 
freedom are given by— & 

F-C- P +2 

= 2 - 2+2 

= 2 

Thus for the equilibrium constant to be completely defined the two 
variables, temperature and pressure must be fixed. 

ra J+ S0 ! ub i!' ty °f a § as in a !i q uid usually expressed as the absorption 
efficient. The absorption coefficient (as proposed by R Bunsen) of a 

ST p h re H 1 + l ? 3 S' VCn » the volume of the gas reduced to 

thldeterminafion VOl , Ume ° f the lic ) uid at the temperature of 

maticafi™ “ ^ 3 part ' al pr6SSUre ° f ° nC a ‘ m °sphere, or mathe- 

a = Vo/y, . . 

SSSdVsW" - volumc » f <»= gas dissolved, 

die g^in°a^inospheres. V ° Ume °^ thC s0,vent * and/) - panisl pressured 

an + absor P tion coefficients of some of the more common gases in water 
and in some non-aqueous solvents are given in Table 30, 6 

Table 30 

_ A bsorp tion Coefficients of some Common Gases at 20°C 


Solvent 


H 


Water 

Carbon disulphide 
Chloroform 
Ethyl alcohol 
Acetone . 
Di-ethyl ether 
Benzene 


0017 

0031 

I ’ 

0080 

0065 

0-12 

0066 


He 

N 2 

1 

! O 

ro 

CO 

CO, 

H 2 S 

NH, 

3 

1 

HC1 

0 009 

i 

0-015 

0-028 

0-025 

1 

0-88 

[ | 

2-68 

710 

442 

-- 

0-049 

— 

0-076 

0-83 

1 



0-028 

0-120 

0-205 

0-177 

3-45 




0-130 

0-143 

0-177 

3-0 




0-030 

0-129 

0-207 

0-198 

6-5 


1 


— 

0-24 

0-415 

0-38 

5-0 


___ 


0-018 

0-104 

0-163 

0-153 

1 

— 

j 

--- 


Influence of Temperature 

because tie gas diffused It tgll'T, * boi,i "g. s +t>°n occurs 
-re rapidly than the liquid is itself va^IT si^ cite iZ°yX 
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produced at ordinary temperatures by bubbling a sparingly soluble, and 
chemically indifferent gas through the solution. Thus, ammonia in water 
may be removed by bubbling air through the solution; the same effect is 
obtained, although a much longer time is required, by leaving the solution 
exposed to the atmosphere. Likewise, with the object of removing dissolved 
hydrogen from molten aluminium-base light alloys prior to casting it is 
customary to degasify by bubbling a stream of chlorine and/or nitrogen 
through the molten alloy. If this degasification were not carried out the 
dissolved hydrogen would pass out of solution when the alloy solidified, 
giving rise to a type of defect known as “pinholing.” Typical values for 
the absorption coefficients of some gases at different temperatures are 
given in Table 31. 

Table 31 

Variation with Temperature of Absorption Coefficients 

of some Common Gases 

{Water the solvent in each case) 


Gas 


Temperature (°C) 


0 

i 

1 15 

! 60 

100 

Ammonia 

13000 

802-0 


195-0 

Hydrogen chloride 

506 0 

458 0 

339 0 

— 

Carbon dioxide 

1-713 

1019 

0-360 


Oxygen 

0049 

0-034 

0-020 

0-017 

Nitrogen . 

0024 

0018 

0-010 

0010 

Hydrogen . .; 

0022 

0019 

0016 

0-016 

Argon 

0058 

0040 




From Table 31 it will be noted that the relative influence of temperature 
variation is greater for gases like ammonia, hydrogen chloride and carbon 
dioxide, than for the sparingly soluble gases such as nitrogen and hydrogen. 
This implies that greater heats of solution obtain in the former cases; and 
this fact is very likely related to the fact that chemical combination occurs 
between the gas and water in these cases. 

Influence of Pressure 

The solubility of a gas in a liquid is profoundly affected by variation in 
the pressure of the gas. The quantitative relationship between pressure 
and solubility is expressed in Henry's Law, which states that the mass of 
gas dissolved by a given volume of solvent at constant temperature is directly 
proportional to the pressure of the gas with which it is in equilibrium , or 
expressed mathematically— 


pjm = K 


( 5 ) 





SOLUTIONS OF GASES IN LIQUIDS 169 

where m = mass of gas dissolved by unit volume of solvent at equilibrium 
pressure p, and K = a constant. 

Now, the mass m of gas dissolved by unit volume of solvent may be 
lewritten as grammes per millilitre of solvent, and this is proportional to 
the concentration expressed in molecules per litre of solvent, or per litre of 
solution, since the volume of the solvent suffers no large change when the 
gas dissolves. In addition, the pressure p of the gas is proportional to the 
number of molecules in the gas, and hence is also proportional to the 
concentration of molecules per litre of the gas phase. 

Then, since pj m = K . . . . (5) 


__ Pressure of gas 

Weight of gas in grammes per millilitre of solution 

And it follows that, independently of pressure 

Concentration of gas in gaseous layer 
Concentration of gas in solution 


a constant 

(at constant 
temperature) 


a constant 

(at constant 
temperature) 


( 6 ) 

(7) 


Equation (7) is a form of the important generalization known as the 
Distribution Law or the Partition Law. 

Deviations from Henry’s Law. Experimental results show that in the 
case of sparingly soluble gases, Henry’s Law is obeyed in a satisfactory 
manner provided that the pressures are not too high, nor the temperatures 
too low. As was shown above, Henry’s Law is one form of the Distribution 
Law, and in addition is related to Raoult’s Law. Since such generaliza- 
10 ns are strictly only applicable to ideal systems, any departure from ideal 
Denaviour will lead to departure from Henry’s Law. Deviations of this 

ype are not unexpected at low temperatures and high pressures, particu¬ 
larly m the case of readily liquefiable gases. 

In addition to these reasons for deviation from Henry’s Law, there is 
also the possibility of compound formation between the solvent and the 

K , for exam P>e. ammonia exhibits considerable deviation from 
irenry s Law. 


eases is m M ' XtUre ° f GaSCS ’ If 3 mixture of sparingly soluble 
fuain ru g mt ° C ° nt3Ct with 3 liquid and the system allowed to 

the easZ' T’ “ ^! 11 u be found that each of the g a ^ present in 
•tccofdino . mixture Wl11 have dissolved in the solvent liquid, each gas 

DaUor, (f 80 °5) ° W " pKSSmC ' This fact was discovered by John 


I ower^o! iihi H fv GaSeS in Aque ,°' ls Solutions. In general, gases exhibit a 
than the! rin y aqueous solutions of salts and other solid compounds 

Yte uch as W r-./ he diSSOlved Solid ma y be a " electro- 

p y henomenn Um chlorlde ’ or a non-electrolyte, such as sugar. This 
P enomenon is an example of the so-called “salting-out” effect. From 
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the experimental evidence available it would appear that the salting-out 
effect of an ion is larger the smaller its size and the greater its charge. 


Determination of the Solubility of a Gas in a Liquid 

Sparingly-soluble Gases. A measured volume of the gas under investiga¬ 
tion at known temperature and pressure is confined within one limb of the 
gas burette A (Fig. 66). The absorption bulb B is weighed, first empty and 



Fig. 66. Apparatus for Determining 
the Solubility of Sparingly-soluble 
Gases in Liquid Solvents 



Fig. 67. Apparatus for Determining 
Solubility of very Soluble Gases 
in Liquid Solvents 


then filled with solvent, and then attached to the burette A by means of a 
flexible tube C. Some solvent is then run off from the bulb B into a tared 
beaker E , and the gas confined within A transferred to bulb B by raising 
the levelling-tube D. Bulb B is then agitated, the connecting taps opened 
and the gas restored to atmospheric pressure by adjustment of the levelling- 
tube D. The absorption of the gas is allowed to continue until there is no 
further decrease in the volume of the gas in burette A. From the data 
obtained, the absorption coefficient may be evaluated. 

Very Soluble Gases. For freely soluble gases a piece of apparatus known 
as a “pyknometer” is employed; this is shown in Fig. 67. In use the 
pyknometer is first weighed empty and then a few millilitres of the solvent 
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introduced. A current of the gas under investigation is then passed through 
the liquid to ensure that a saturated solution has been obtained. The 
apparatus is then sealed and re-weighed. The weight of the gas and liquid 
is then known and the amount of the dissolved gas determined by titration, 
for example, by standard alkali in the case of an acid gas, or by standard 
acid in the case of an alkaline gas. 


SOLUTIONS OF LIQUIDS IN LIQUIDS 

The behaviour of liquids towards one another gives rise to considerable 
variations in the solubilities of liquids in liquids. These variations are 
caused by the constituents of a liquid system differing in respect of ( a ) 
internal pressure, ( b ) polarity, (c) length of hydrocarbon chain or similar 
grouping, (d) association of one or other of the liquids, or (e) occurrence 
of compound formation between the component liquids. The internal 
pressure of a liquid is a measure of the attractive force existent between 
its molecules. Thus, when two liquids having internal pressures of similar 
magnitude are mixed they form a solution in which the internal pressures 
are almost unchanged; the closer the internal pressures of the individual 
liquids the closer will the solution approximate to an ideal solution, from 
the point of view of Raoult’s Law. On the other hand should the respective 
internal pressures be different, the solution will diverge from ideal be¬ 
haviour and such deviations will be positive in nature. The greater the 

difference of internal pressures, the greater the divergence of the solution 
from ideal behaviour. 


The electrical character of the molecules may also give rise to deviation 
of the solution from ideal behaviour. Molecules are either polar (i.e. with 
a dipole moment), or non-polar (i.e. with no dipole moment). Polar 
liquids boil at relatively high temperatures and are not normally miscible 
with non-polar liquids since the mutual attraction of the polar molecules 
lor one another is greater than their attraction for non-polar molecules. 
Water, which is probably the commonest example of a polar liquid, is 
only slightly miscible with the hydrocarbons. Polar liquids tend to form 
oose molecular groupings which give rise to the so-called “associated” 
^mds. Non-polar liquids, in general, have low boiling points and are 
capable of mixing freely with one another. The mixing of polar and non¬ 
polar liquids gives rise to positive deviations from ideal behaviour. 
imUarly, a solution of a long-chain solute dissolved in a simple solvent 
wi 1 also exhibit positive deviation from ideal behaviour. Such is the case 
w en long-chain fatty acids or alcohols are dissolved in water. On the 
other hand, should compound formation occur between the constituent 
iquids the number of uncombined molecules will be less than would have 
een the case had this phenomenon not occurred, and the vapour pressure 

o he solution will be less than the theoretical value with the result 
that negative deviations occur. 



172 


PHASE EQUILIBRIA 


Resulting from the effect of the factors discussed above, two liquids 
may be— 

(i) Completely miscible in one another in all proportions, 

(ii) Partially miscible in one another, 

(iii) Immiscible in one another. 

Two Liquids Completely Miscible in One Another in All Proportions. If 

a mixture of two liquids behaves in an ideal manner then the plot of the 
partial pressure of each constituent liquid against the composition of the 
liquid mixture will be a straight line passing through the origin as indicated 



Fig. 68 . Vapour Pressure—Composition and Temperature— 
Composition Curves with neither Minimum nor Maximum 

in Total Vapour Pressure Curve 

by curves QR and PS (Fig. 68 at ( A )). The total vapour pressure, that is, 
the sum of the partial pressures, will, therefore, also be a straight line as 
indicated by PR. There are, however, few pairs of liquids which behave 
in this ideal manner, most binary liquid mixtures exhibiting either positive 
or negative deviations for the reasons previously described. 

From a study of total vapour pressure-composition diagrams three 
types of diagrams may be distinguished, they are— 

Type A where the total vapour pressure curve is practically a straight 
line between the vapour pressures of the component liquids. 

Type B where the total vapour pressure curve passes through a 
minimum value below the vapour pressures of the component liquids. 

Type C where the total vapour pressure curve passes through a 
maximum value above the vapour pressures of the component liquids. 

Dealing firstly with Type A; the molecular composition of the vapour 
from a binary liquid mixture is proportional to the partial pressures of the 
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Distillate 


component liquids multiplied by their concentrations in the mixture. In 
the case of two liquids whose partial pressures are indicated by QR and 
PS in Fig. 68 (A) it will be clear that the vapour will be richer than the 
liquid in the component of higher vapour pressure. It is therefore possible 
by distillation to separate the liquid mixture into fractions which are 
richer and poorer respectively in this 
more volatile component than the 

original liquid mixture. This process ^-Thermometer 

which is known as fractional distilla - ^ 

tion is of very great importance in the 

chemical industry. It is possible by 

such fractional distillation to isolate 

each of the component liquids of a 

mixture in the pure state. 

So far it has been assumed that the x Distillate 

liquid solution behaves in an ideal V y 

manner, but the same arguments how- (r y 

ever may be applied if the lines QR \ / 

and PS in Fig. 68 (A) are not straight, Fractionating ^ y 

but are curved indicating positive Column ^ 
or negative deviation, so long as the ^ 

total vapour pressure line —PR in \ / 

Fig- 68 (A) —passes neither a through I 

minimum nor a maximum. 

If the molecular composition of 
the liquid and its vapour are plotted 7% 

against the temperature of the boiling ' | |f 

point a diagram such as that shown “ ^ 

at Fig. 68 (B) is obtained. The upper J Neck of distillation 

curve represents the composition of Jc ^'flas« 

the vapour whilst the lower curve repre- 

sents the composition of the liquid. Fig. 69. Fractionating Column 
inus, when at temperature T a liquid 

of composition L, commences to boil it gives rise to vapour of composi- 

\\n? : \ V vl° te that V y is , icher than L \ in the more volatile component 
• ° distillation the residual liquid becomes progressively richer 

less volati,e component liquid Y so that the boiling point of the 
q d mixture rises steadily towards that of the less volatile component Y 

{Jon C T den f' J k wil1 P , oduce 'iquid L 2 of the same composi- 

DrodnrJrl f th ® n . hc l UKl L i ls heated vapour of composition K 2 will be 
L I. f m h ‘ C f ‘ S mUCh ncher in component liquid * than initial liquid 

condensat n er 7 0re n- P0SS ' ble by successive processes of vaporization and 
these n™ dTeC i. a separation of pure liquid X. In actual practice 

processes are effected in one and the same operation by means of 


Neck of distillation 
flask 


Fig. 69. Fractionating Column 



174 


PHASE EQUILIBRIA 


a fractionating column ( see Fig. 69). In the fractionating column the 
vapour passing upwards is gradually cooled so that it is progressively 
condensed, the condensing liquid being richer in the less volatile liquid 
Y than is the vapour, with the result that the proportion of liquid X in 
the vapour progressively increases until, under ideal conditions, the pure 
liquid X passes off from the top of the fractionating column. 

Amongst other industrial processes the process of fractional distillation 
is employed for the separation of liquid oxygen from nitrogen in liquid air. 
In the case of binary liquid systems where the total vapour pressure curve 
exhibits a minimum as shown in Fig. 70 (A), it is impossible to separate 



ioo% XY—+- iooX 

x +—7.X Y 


(A) 



too% %Y —► 100Z 

X +—/.X Y 


(B) 


Fig. 70. Vapour Pressure—Composition and Temperature 
Composition Curves with Minimum in Total Vapour 

Pressure Curve 


the component liquids by distillation, as described above, into fractions 
consisting of pure X and pure Y. Instead, a fraction is obtained either of 
pure X or pure Y —according to the composition of the liquid mixture— 
along with a liquid mixture of constant boiling point having a composition 
corresponding to the maximum value on the curve A B (Fig. 70 (£)), that 
is the point C. This mixture of maximum boiling point corresponds to 
the minimum value of vapour pressure, the point M on the curve PR 
(Fig. 70 (. A )). If liquid of composition is heated, it commences to boil 
at the temperature T evolving vapour of composition V 1 ; this vapour is 
richer in component liquid X than is the original liquid. When in the form 
of vapour V lt it condenses to give liquid L 2 which, when heated, evolves 
vapour of composition V 2 . Thus, the vapour becomes richer in component 
liquid X until finally the pure component X distils off. With progressive 
enrichment of the vapour in respect of liquid X there is a corresponding 
depletion in the residual liquid of component liquid X so that ultimately 





SOLUTIONS OF LIQUIDS IN LIQUIDS 


175 


this impoverishment in X causes the liquid contained within the distilling 
flask to attain the composition of the constant boiling-point mixture C 

(Fig. 70 (£)). 

At the point C the liquid has the same composition as the vapour with 
which it is in equilibrium and consequently the two distil over together. 
Such mixtures which distil over unchanged are known as azeotropic 
mixtures or simply azeotropes. In a similar manner, it follows that a 
liquid of composition L 3 gives rise, on heating, to vapour K 3 , which in turn 
cools to give liquid L 4 , and this on heating evolves vapour K 4 and so on; 
so that in this case distillation will give rise to pure liquid Y in the first 
instance, but when the liquid remaining in the distilling flask attains 
the composition of the point C then the azeotropic mixture of this composi¬ 
tion will distil over unchanged. 

There are a number of common substances which form binary liquid 
mixtures giving rise to azeotropes. Some of the more important are 
enumerated below in Table 32. 


Table 32 


Maximum Boiling-point Mixtures 
(at 760 mm pressure) 


1 

Mixture 

__ 1 

Composition 

Boiling Point 

Hydriodic acid—Water 

58 00 per cent HI 

127-00°C 

Hydrobromic acid—Water 

48-00 per cent HBr 

125-00°C 

Hydrochloric acid—Water . 

20-22 per cent HC1 

108-58°C 

Hydrofluoric acid—Water . 

37-00 per cent HF 

120-00°C 

Nitric acid—Water .... 

68-00 per cent HNO a 

120-50°C 

Sulphuric acid—Water 

98-70 per cent H 2 SQ 4 

338 00°C 


It should be noted that in the examples quoted in Table 32 all the pairs of 
liquids enumerated exhibit considerable affinity for one another and 
liberate heat, sometimes considerable, when mixed together. 

In the case of the third class of binary liquid mixtures—those which 
exhibit a maximum on the total vapour pressure-composition curve— 
distillation gives the constant boiling-point mixture with the maximum 
vapour pressure, that corresponding to the point M on curve PR (Fig. 71 
(/!)), and the point C on the curve A B (Fig. 71 ( B )). Thus, liquid of com¬ 
position (Fig. 71 ( B )) on heating evolves vapour of composition V x 
which cools to give liquid L 2 . In turn L 2 on heating evolves vapour V 2 and 
so on until finally the azeotropic mixture C is attained. This mixture 
distils leaving the pure component liquid Y in the distilling flask. Some 
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Table 33 

Minimum Boiling-point Mixtures 
{at 760 mm pressure) 


Mixture 


Composition 


Boiling Point 


Ethyl alcohol—Water 
Ethyl alcohol—Ethyl acetate 
Ethyl acetate—Water 
Pyridine—Water 


95-59 per cent C 2 H 5 OH 
46-40 per cent C 2 H 5 OH 
30-50 per cent water 
59-00 per cent C 5 H 5 N 


78-13°C 

71-80°C 

70-40°C 

92-00°C 



Fig. 71. Vapour Pressure—Composition and Temperature— 
Composition Curves with Maximum in Total 

Vapour Pressure Curve 


examples of azeotropic mixtures of minimum boiling point are given in 
Table 33. 


Two Liquids Partially Miscible in One Another. Not all liquids exhibit 
complete miscibility in one another. Thus, for example, if a little aniline 
or ether or phenol is added to water at atmospheric temperature the 
material will dissolve, but if further additions of the same solute are made 
a point will ultimately be reached when no further solution occurs and two 
liquid layers are formed. One of the layers is a saturated solution of the 
solute in water, and the other is a saturated solution of water in the organic 
compound constituting the solute in the first-named solution. There are 
thus two liquid solutions co-existent in equilibrium, such solutions are 
termed conjugate solutions. 
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If the vapour pressure of two liquids which are only partially soluble in 
one another is plotted against composition, a curve of the type shown in 
Fig. 72 will be obtained. This diagram which is for the water-ether system 
shows that water will hold up to about 7 per cent ether in solution after 
which, if more ether is added, an upper layer of ether saturated with water 
makes its appearance. Thus, the vapour pressure of the system remains 
at a constant value over a range of composition as indicated by the 
horizontal line QR , the addition of more ether merely altering the relative 
amounts of the two solutions. Ultimately, when sufficient ether has been 
added, there is then enough to dissolve the whole of the water present; 


Temperature Constant 



Fig. 72. Vapour Pressure—Com¬ 
position Diagram for the 
System Water—Ether 


Pressure Constant 



Fig. 73. temperature—Com¬ 
position Diagram for the 
System Phenol—Water 


form a h , ° f at the p0lnt R so that further additions of ether 

° ™ unsaturated solution of water in ether as indicated by the line RS 

and he vapour pressure of this solution progressively rises until the vapour 
pressure ol pure ether is reached at the point S. ^ 

arenlotted ° f th .® con J u § ate solutions at different temperatures 

(L lt d r 1 T te T S W1 glve a dia g ram of the type shown in Fig 73 

noted thill « JfhV. * phen0l ' Water s y stem - p tom this diagram it wfll be 
solutionfa h temperature rises the compositions of the two conjugate 
olutions approach one another until at the point C they become identical 
in composition. At all temperatures above the point C and indeed at all 

ater are freely miscible in one another in all proportions The Doint r 
is known as the critical solution temperature me point C 

JscibJ»?°a p enC '° Sed by tHe CUrVC is usuall y referred to as the 

All mixtures outside the curve ACB consist of one liquid phase only; if 
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the vapour phase is neglected, and since there are two components, by 
the Phase Rule the number of degrees of freedom are 

F- C-P+2 
= 2 - 1+2 
= 3 

Since the pressure variable, however, is taken as fixed at one atmosphere, 
the number of degrees of freedom will be 2; these are temperature and 
concentration and both these must be stated to define completely a system 
consisting of only one phase. J 

In the case of certain binary systems (e.g. triethylamine-water system) 
the solubilities of the two components decrease with rising temperature; 

thus, as the temperature is progressively 
lowered the mutual solubilities of the 
two components increase until a certain 
critical temperature is finally reached 
below which the two liquid solutions are 
miscible in all proportions. Not many 
systems of this type have been investi¬ 
gated in detail over a wide temperature 
range, but in the case of those systems 
which have been thus examined it is 
found that the mutual solubility of the 
components does not continue to de¬ 
crease indefinitely if the temperature is 
raised sufficiently, but ultimately the 
system commences to behave in the 
normal manner as typified by the phenol-water system (see Fig. 73), that is, 
the mutual solubilities of the components increase with rising temperature 
until ultimately the two solubility curves join, as in the phenol-water system. 
In the case of such systems, therefore, the solubility curve consists of a 
closed curve, all points outside of which represent a homogeneous liquid 
solution of the two component substances, whilst within the curve exist 
the two conjugate solutions as two separate layers. One of the best known 
examples of such a system is that of nicotine and water. The diagram for 
this system is shown in Fig. 74. 

Two Liquids which are Immiscible in One Another. When two immiscible 
liquids are placed together in the same vessel they separate out into two 
separate and quite distinct layers. When this mixture is heated, each of 
the liquids exerts its own vapour pressure peculiar to the temperature 
involved. As the temperature is raised the vapour pressure of the mixture 
gradually rises until it attains that of the atmosphere and the system boils. 

It is to be noted here that at the boiling point of a system of two immiscible 
liquids, the sum of the vapour pressures of the two liquids is equal to the 



Fig. 74. Temperature—Com¬ 
position Diagram for the 
System Water—Nicotine 
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atmospheric pressure and therefore the vapour pressure of any single 
liquid is less than the atmospheric pressure and the temperature at which 
boiling occurs is lower than the boiling point of the more volatile liquid 
present. For example, for the system water-nitrobenzene which at 760 mm 
pressure boils at 99 C, the relevant data are— 


Water . 
Nitrobenzene 


Boiling Vapour Pressure 

Point at 99°C 

100'C 733 mm 

211°C 27 mm 


Distillation in Steam. Suppose that two immiscible liquids have vapour 
pressures P l and P 2 at the boiling point of the liquid mixture, and that 
their respective molecular weights are M 1 and M 2 . The relative weights 
of these two liquids found in the vapour evolved from the mixture will 
therefore be n 1 M l and n 2 M 2 respectively where n x and n 2 are the number 
o molecules of each substance in the vapour. Since the ratio nJn 0 is 
equal to the ratio PjP 2> it follows that— 


Weight^of A/ l in distillate P l M l 

Weight of M 2 in distillate ~ pJa 2 ' ’ * ( 8 ) 

These facts are utilized in the process of “steam distillation” whereby a 
substance more or less immiscible with water and possessing a higher 
boding point than water can be distilled at a much lower temperature by 
bubblmg steam through it. Under these conditions the mixture boils 
ree y, hat is, it distils, when the combined vapour pressure of the two 
component liquids equals that of the atmosphere. Thus a mixture of 
water and chloiobenzene distils at a temperature of 90-3°C when the 
atmospheric pressure is 740-2 mm, the vapour pressure of the two con- 

m 2 '°'' mmr “ p ' c,ivelyal,hls 

Weight of chlorobenzene in distillate 112-5 x 210-1 

Weight of water in distillate 18 x 530-1 

= 2-48 

IdPht iSti in a l e f Sl Tf Id , theref0re C ° n,ain 71-2 P er cent of chlorobenzene by 
g ht , in actual fact, a typical experimental value is 71-4 per cent so that 

the agreement ,s very good indeed. It should be noted that^hlorobenzene 
“ P°‘ nt ° f 132 C ’ by steam distillation it is possible to 

chlorobenzene. ' ““ ““ “"«"■» ™ per cent of 

CTOMdlhlSr <” P,rl ; li “ L «")' The distriburion law may be 
^ f to a system of two phases made up of two immiscible 

there [s ‘d?ed y C ° m P 0nents existi ug as two distinct liquid laye s,’ 

is added a th.rd substance soluble in both layers, then the added 
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substance will distribute itself between the two phases in such a way that 
the ratio of its concentrations in each phase is constant and independent 
of the amount of added substance provided that this substance exists in 
the same type of molecular species in each phase. 

The Distribution Law may be expressed mathematically as follows— 

Concentration of solute X in solv ent A 

Concentration of solute X in solvent B ~ ^ ^ 


where K = distribution coefficient (or partition coefficient). 

This law is of very wide application; for example, as mentioned on p. 169, 
Henry’s Law for the influence of pressure on the solubility of a gas may be 
regarded as one form of the distribution law in which the gas may be 
considered as distributing itself, in a constant ratio, between free space and 
the solvent. Thus, as given on p. 169, the mathematical expression of 
Henry’s law (Eq. (7)) is as follows— 

Concentration of gas in gaseous layer ^ 

Concentration of gas in solution 

The similarity of equations (7) and (9) should be noted. Some examples of 
the behaviour of solutes illustrating the distribution law are given in 
Table 34. 


Table 34 


Distribution Coefficients 
(Concentrations in molest litre) 


Iodine between Carbon 
Tetrachloride (i) and Water (ii) 

Mercuric Chloride between 
Water (i) and Benzene (ii) 

C\ 

Ci/c u 

Cl 

Cj/Cn 

002 

85-1 

0 001 

11-97 

004 

85-2 

0 005 

12-31 

006 

85-4 

0010 

12-73 

008 

860 

0015 

13-16 

010 

87-5 

0025 

14-01 


As stated above, the distribution coefficient is only constant when the 
solute exists in the same type of molecular species in both solvents; if this 
is not the case the numerical value of the distribution coefficient will vary 
with variation in the concentration of the solution. This is exemplified by 
the distribution of acetic acid between carbon tetrachloride and water as 
quoted in Table 35. 
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Table 35 

Distribution of Acetic Acid between Carbon Tetrachloride and Water 


Concentration 
in CC1 4 

Concentration 
in Water 

Distribution Coefficient 


ClI 

1 

Ci/Cii 

^cjcn 

1 

00096 

0-684 

0-0140 

0-143 

0-0187 

1-021 

00183 

0132 

00460 

1*691 

0-0266 

0-127 


From this table it will be noted that the ratio c l /c u is not constant, but 

increases as the concentration rises. From previous discussion (see p. 158) 

it will be recalled that although acetic acid has a normal molecular weight 

in aqueous solution, it has twice the normal molecular weight in carbon 

tetrachloride. In this latter solvent, therefore, the following equilibrium 
will exist. 


(CH 3 COOH) 2 ^ 2CH 3 COOH 

(1 — x)c 2a c 

If the initial concentration of double molecules is c, and if a fraction a is 
dissociated into single molecules, then on the application of the law of 
mass action (.see p. 219)— 

K _ (2a c) 2 
(1 — a )c 


4a 2 c 2 


(1 — a )c 


4a 2 c 
(1 - a) 


therefore, a 2 _ a ) 

4c 

If the numerical value of a is small, then (1 - a) 
thus equation (10) is capable of simplification— 


( 10 ) 


may be taken as unity. 



so that a varies as 1/v c, and in the specific case of acetic acid distributed 
between carbon tetrachloride and water. 


ac = Constant x c x 1/Vc 
= Constant x Vc 
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If the concentration in carbon tetrachloride is denoted by c ly and the 

concentration in water by c u the distribution coefficient, V c x /c n should 
be constant; Table 35 shows that within close limits this is the case. 

From the above discussion it will be clear that the study of the distribu¬ 
tion of a solute between two solvents is of value in determining whether or 
not the solute is either associated or dissociated in a particular solvent, 
and also as a means of determining to what degree such a change has 
occurred. 

Extraction of a Solute with a Second Solvent. The widely-employed 
process of extraction with ether and similar solvents is dependent upon the 
distribution of a solute between two partially miscible or immiscible 
liquids. In this process a solution of the solute in question is shaken up 
with a second solvent, in which the solute is more soluble. The solute then 
distributes itself between the two solvents, forming solutions which are 
capable of ready separation. This process is widely used as a means of 
extracting organic substances from aqueous solution. Since the solubility 
of such substances is usually greater in organic solvents than in water it is 
common practice to employ organic solvents for the second solvent. Also, 
since the solubility of organic compounds is lower in aqueous solutions of 
electrolytes than in pure water, electrolytes are commonly added to the 
water layer to facilitate still further the extraction process. In other words, 
the organic solute tends to be “salted out” from its aqueous solution. The 
efficiency of extraction under a given set of conditions may be calculated 
as follows— 


Let a ml of a solution (Phase I) containing c g of a dissolved solute be 
extracted repeatedly with b ml of a second solvent (Phase II). 

If after the first extraction the weight of solute remaining in Phase I is 
c x g, then the concentration per millilitre in Phase I will be cja , whilst 
that in Phase II is (c — cj/b. Thus, by application of the Distribution 
Law— 


(c - cj/b 




Therefore, 


Ka 

Cl ~ C Ka + b ’ 



If, after a second extraction, c 2 g of the solute remain dissolved in 
Phase I, then— 


Ka 

C * = Cl Ka~+~b ' 



‘ (^h)' 


(16) 
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Equation (16) is capable of generalization, so that after the /?th extrac¬ 
tion, the weight, c n g of solute remaining in Phase I is— 



/ Ka Y 
C \Ka + b) 


(17) 


In practice it is more efficient to use a number of small portions of the 
extracting solvent in a number of individual extractions, rather than use the 
whole of this solvent in a single extraction. This may be illustrated by 
considering the extraction of benzoic acid from its aqueous solution by 
means of ether. The distribution coefficient for this acid distributed 
respectively between water and ether is 0 0125. 


Suppose, for example, that the weight of benzoic acid initially present in 
the aqueous solution to be 20 g and the volume of this solution is 1000 ml, 
and the volume of the ether used for the extraction is 600 ml. Then, if only a 
single extraction is practised, on introduction of these data in equation (17)— 

/ 0 0125 x 1000 \ 

Cn ~ 20 \ (0 0125 x 1000) 4- 600 / 

= 0-408 g of benzoic acid remaining in the aqueous solution. 

On the other hand, if the benzoic acid is extracted with three separate 
portions of ether, each of 200 ml (the same total volume of ether being used 
as in the previous case), then— 


/ 0-0125 x 1000 y 

~ 20 \ (0-0125 x 1000) 4- 200/ 

= 0-00407 g of benzoic acid will remain in the aqueous solution, and the 
extraction may therefore be said for all practical purposes to be 
“complete.” 


Obviously complete extraction is impossible in practice since although the 
( Ka \ n . 

quantity, \ ~ Kq Ijl b ) * n e q uat i° n (17) becomes progressively smaller as the 
number of extractions increases, it never actually becomes zero. 


SOLUTIONS OF SOLIDS IN LIQUIDS 

In the case of binary systems, the complete graphical representation of the 
three conditions of freedom—temperature, pressure and concentration as 
postulated by the phase rule—renders necessary the employment of three- 
dimensional models. For many purposes, however, simplification of graphi¬ 
cal representation is desirable, and this is attained by modification of the 
statement of the phase rule. In other words, one of the variables is fixed 
arbitrarily. For solid—liquid systems it is most convenient to fix the pressure 
variable since such systems are almost always studied in vessels open to 

7 — (T.447) 
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the atmosphere, that is the pressure is fixed at one atmosphere. The 
modified phase rule thus becomes— 

F = C- P + 1 . . . . (18) 

In this way the graphical interpretation of solid—liquid equilibria is effected 
by the use of ordinary rectangular co-ordinates representing the two vari¬ 
ables, temperature and concentration respectively. Some of the most 
common, and also the most important solid—liquid systems, are those of 
metallic alloys, and in the discussion which follows, frequent reference will 
therefore be made to such systems. 

Solid—liquid systems may be classified as follows— 

1. Systems in which the two components are completely soluble in one 
another in the liquid state but are— 

(a) completely insoluble in one another in the solid state, or 

(b) partially soluble in one another in the solid state, or 

( c ) completely soluble in one another in the solid state. 

2. Systems in which the two components are partially soluble in one 
another in the liquid state, but are— 

(a) completely insoluble in one another in the solid state, or 

( b ) partially soluble in one another in the solid state. 

Type 1 (a) Systems. If a vessel such as a crucible containing a small 
quantity of a pure molten metal is allowed to cool slowly so that freezing 

ultimately occurs, the relationship be¬ 
tween the temperature of the metal and 
time may be represented by means of 
a cooling curve, the general form of 
which is shown in Fig. 75, curve A. The 
freezing point of the pure metal is the 
temperature of the horizontal portion 
be of this curve, being due to the 
liberation of the latent heat of fusion 
of the metal. Thus, in this curve, the 
portion ab represents the cooling of the 
molten metal, the horizontal portion, 
be , the freezing process, and the portion, 
ed , the cooling of the solidified metal. 

It should be noted that the portion ed exhibits a steeper slope than the 
portion ab since the specific heat of the solidified metal is less than that 
of the liquid metal. 

In the foregoing discussion only one component of a system was involved, 
but, if the second component of a binary system is present, and—still 
confining attention to metallic systems—if an alloy of two metals is formed, 
the freezing process is different. 
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Fig. 75. Cooling Curves for 
a Series of Alloys 
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Consider an alloy of two metals X and Y containing 90 per cent of the 
former metal and 10 per cent of the latter. If the cooling curve for this 
alloy is determined it will be found to be similar in type to that shown as 
curve B (Fig. 75), in which the freezing of the pure metal X commences at 
the point b '. It should be noted that the temperature of the point b' is 
lower than that of b in curve A. Now if other alloys are prepared containing 
progressively greater concentrations of the pure meta Y it will be found 
that the freezing of the pure metal X commences at progressively lower 
temperatures as indicated by the points, b" and b'" of the curves C and D 



Fig. 76. Equilibrium Diagram for Two Substances, X and Y 
Completely Soluble in one another in the Liquid State, and 
Completely Insoluble in one another in the Solid State 


Lf' ™'■ t S u m u , lheSe feSultS ma y be represented on one diagram 
< Fl g-. 76 ) in which the line FE represents the progressive lowering of the 

freezing pomt of the pure metal X by the addition of the pure metal Y- 

in this diagram it should be noted that the horizontal axis represents the 
composition of the alloy. ^ 

gives rispT' 13 " manner ’ th , e addi t>on of pure metal X to the pure metal Y 
fhk , P ro S ress,ve lowering of the freezing point of the latter metal- 
this general process is represented by the line GE (Fig. 76) The hnes 
FE and GE intersect at the point E, which represents the imposition of an 

a OV k know " 8 the ' OWest freezin g P° int of the whole series; this particular 

NO1 i Z aS eU,eC “ C a "° } ’’ ° r m ° re usual 'y’ sim Piy as the eutectic. 
which is t tem P 6ratUreS aboVC tb °- of the line, FEG 

Reverting to curve B (Fig. 75) it will be observed that the portion b'c' is 
o longer horizontal as was the portion be in curve A ; in other words, the 
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solidification of the alloy does not occur at a constant temperature as it 
does in the case of a pure metal, but over a range of temperature. This is 
due to the fact that in the case of the alloy containing 10 per cent of metal Y, 
the first crystal of metal is formed at the temperature of the point b' (,see 
Fig. 76) and this gives rise to an enrichment of the residual molten alloy in 
metal Y\ in other words the composition of the molten alloy changes, say 
to the composition represented by the point H. It should be clearly noted 
that the actual change in composition is very small indeed, the large 
change in liquid composition being used here only to make the freezing 
process more clear. Now liquid of composition H may persist in the liquid 
state until the temperature of the point / is reached, when a further amount 
of pure metal X crystallizes out. This gives rise to yet a further change in 
the composition of residual liquid alloy, say, to the point J. It is this gradual 
process which gives rise to the sloping portion, b'c of the curve B (Fig. 75). 
With alloys containing yet greater contents of metal Y this region of the 
cooling curve becomes progressively steeper as indicated by the portions, 
b"c" and b"'c" of the curves C and D respectively. 

Reverting again to curve B (Fig. 75), as more and more pure metal X 
crystallizes out, the composition of the residual liquid alloy changes slowly 
down the branch of the liquidus FE until ultimately the eutectic composition 
is attained. At the eutectic, the two metals X and Y crystallize simultane¬ 
ously until all the liquid alloy has changed to a mixture of solid X and 
solid F, this process taking place at constant temperature; when all the 
homogeneous liquid alloy is transformed to a mixture of two solid 
metals the temperature commences to fall again. From a consideration of 
Fig. 75 it will be noted that the cooling curves for all the alloys of the 
metals X and Y exhibit a common arrest at the temperature of the eutectic, 
that is, the identical temperature of the portions ef\ e"f", e"f'" and 
of the curves B, C, D and E respectively. It is therefore possible 
to draw a horizontal line, parallel to the composition axis, through the 
eutectic point; this is the line CED (Fig. 76). Below the temperature of • 
the line CED the alloys are completely solid and the name solidus is 
therefore given to CED. 

At all temperatures below the solidus the alloy containing 90 per cent X 
and 10 per cent Y consists of primary crystals of the pure metal X sur¬ 
rounded by the eutectic mixture composed of crystals of the two metals X 
and Y; this structure which may be observed in specimens after polishing 
and suitable etching is shown diagrammatically in Fig. 76. As the content 
of metal Y increases, so in the solid condition the microstructure of alloys 
shows less of the pure metal X and more of the eutectic until, in the case of 
an alloy containing 40 per cent Y, the microstructure is composed entirely 
of the eutectic mixture of the two metals X and Y; this is also shown 
diagrammatically in Fig. 76. 

Above the liquidus FEG (Fig. 76) there exists only one phase, the 
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homogeneous liquid solution of the two component metals X and Y, 
therefore applying the modified phase rule— 

C- /> + 1 . . . . (18) 

= 2 - 1+1 
= 3 

There are thus two degrees of freedom; in other words, temperature and 

concentration can be varied independently. Such a system is said to be 
bivariant. 

When the temperature falls, however, so that the liquidus is reached, say 
at the point b\ then there are two phases present, namely liquid alloy of 
composition b\ and the solid metal X. Therefore— 

F= 2 - 2+1 

= 1 


from which it follows that it is impossible to have solid metal X and liquid 
alloy of composition b' at any temperature other than that of the point //; 
in other words, a change in temperature causes a corresponding change in 
the composition of the liquid alloy in equilibrium with the solid metal X 
Alternatively, a change in composition of the liquid alloy must be accom¬ 
panied by a corresponding temperature change. Thus, the fixing of either 
the temperature variable or the composition variable immediately fixes 

the other variable. Such a system having only one degree of freedom is 
said to be univariant. 


At the eutectic point itself there 
metal X , solid metal Y , and the 
Thus— 


are three phases present, namely, solid 
liquid alloy of eutectic composition. 



sS tnZ k P° ssesses , n ° de e rces °f freedom, this system in equilibrium is 
sa.d to be invariant. In other words, it is only possible to have present 

aL 0 on:?quSe S o a mp e oSn theSe ^ ^ ^ure 

com"?""!" 1 Formation - In systems of the type discussed above the two 

alwavs^h^ arC '+.P ab,e of react| on with one another, but such is not 

S of frJouem'n & m +" 1C s y stems particularly, compound formation 

. , ^ ? X OCCUI fence. The existence of a compound is often indicated 

by either the presence of a maximum, or the presence o a d"scont n , tv o1 
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Examination of this diagram shows that it may be regarded as being 
composed of two simple systems, X — X m Y n and Y — X m Y n , so that the 
cooling of all melts is similar in type to that described for the alloy 
containing 90 per cent X in Fig. 76. 

In Fig. 77 the compound X m Y n is said to have a congruent melting 
point since both the liquid solution and the solid of this composition are 
capable of co-existence at the melting point of the compound; in other 



Fig. 77. Equilibrium Diagram for a Binary System in which a 
Compound is Formed with a Congruent Melting Point 

words, the compound X m Y n is said to be a stable compound. The two 
components of some binary systems often form more than one compound as 
exemplified by the system Ca0-Al 2 0 3 as shown in Fig. 78. This system 
is of great technological importance in the refractory and the ceramic 
industries. 

Fig. 79 shows a system in which a compound occurs whose existence is 
indicated by a discontinuity on the liquidus curve at the point A. In this 
case the compound decomposes below its theoretical melting point at the 
temperature of the point B. The point A is known as a peritectic point. 
In the case of melts having compositions between the points A and D at 
the temperature of the line AD there are in equilibrium 

X m Y n ^ Y + (Liquid solution of X in Y) 
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Thus, there are present three phases, and by the arguments of the Phase 
Rule the system is invariant. Temperature and composition must there¬ 
fore remain fixed until one of the phases disappears; if cooling is taking 
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solution. The formation of such an unstable compound is typified by 
the system Si0 2 -Al 2 0 3 , as shown in Fig. 80. 



Fig. 79. Equilibrium Diagram for a Binary System in which a 
Compound is formed with an Incongruent Melting Point 

Salt-Water Systems. Binary systems involving a salt and water are, in 
general, of similar types to those described in the foregoing discussion. 



Fig. 80. Equilibrium Diagram for the System Si0 2 -Al 2 0 3 

Thus, for example. Fig. 81 depicting the system ammonium sulphate- 
water is similar to Fig. 76, whilst Fig. 82 is similar to Fig. 80, and in addi¬ 
tion the systems NaOH-water and Mn(N0 3 ) 2 -water are similar in type 
to Fig. 77. 
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An examination of equilibrium diagrams for salt-water systems provides 
the explanation for the mechanism by which freezing mixtures are opera- 



(38-4) % Composition 


Fig. 81. Equilibrium Diagram for the System (NH^SCV Water 


V O J 1 _ I . • > m ammonium sulphate 

is added to a mixture of ice with a little water at 0°C, some of the ammonium 

sulphate will dissolve forming an aqueous solution of this salt; there will 



Cu(NOj) 2 . 6^0 


Fig. 82. Equilibrium Diagram for the System Cu(N0 3 ) 2 -Water 


nium^n Inhat nt S °H d am ™ onium sulphate, an aqueous solution of ammo- 

that these three nha ° m , a , considerati °n of the Phase Rule it follows 

Doint thtf Ph ° n y be c °- ex 'stent in equilibrium at the eutectic 

Sand‘oT ratUre ° f Which is below °° C - "he net result is than« 

more ammonium sulphate dissolves in the water thus produced. 
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Now the melting of ice involves the absorption of heat, and in addition 
the solution of salts in water also usually involves an absorption of heat, 
so that the process described above causes the temperature of the system 
to fall progressively until either the solid ammonium sulphate, or the ice, 
disappears. In the case of practical freezing mixtures, large proportions 
of the solid salt and ice are purposely employed with the result that the 
temperature of the system falls until the temperature of the eutectic is 
finally reached, and the freezing mixture remains at the eutectic tempera¬ 
ture until the absorption of heat from the surroundings causes either all 
the salt to dissolve or, alternatively, all the ice to melt, when, there being 



Fig. 83. Salt Hydrates of the System Ferric Chloride-Water 


only two phases present, the system is univariant and so the temperature 
of the mixture rises. 

The details of some common freezing mixtures are given below in 
Table 36. 

Table 36 


Freezing Mixtures 


Futectic Temperature 
(°C) 

Percentage Composition by Weight 

- 15 

50 NH 4 NO 3 :50H 2 O 

- 17 

60 Na 2 SO 4 ,10H 2 O :40 H 2 0 

- 18 

34 NaCl ; 66 Ice 

- 20 

50 NH 4 N0 3 .' 50 Na 2 CO 3 ,10H 2 O 
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There are a number of important systems of salt hydrates with con¬ 
gruent melting points, the system ferric chloride—water being one of the 

best known; a portion of the liquidus surface of the equilibrium diagram 
for this system is shown in Fig. 83. 

Type 1 (b) Systems. The two components of a binary system frequently 
exhibit partial solid solubility and in the case of many alloy systems this 
phenomenon is not only very common, but it has also important 

technological implications. The thermal equilibrium diagrams for such 
systems are of two types— 

(0 Those in which a eutectic occurs, 

(ii) Those in which a peritectic occurs. 



for'a tLT' ,iC ° CCUrS - The thermal ec I u *I*brium diagram 

and a !hj soliduses “f “ ^ ^ SquSsTs 'aED, 

Stops short at the saturation limit ted that the eutectic horizontal 

the points ZJ and C U ‘ * S ° f the tW ° S0,id solutions . ‘hat is at 

When alloy (1) cools down to the point F crvstak of., 

in an 

lkiUid » - pfflT^£«3S. d K£3i i£3f £ 
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carefully noted that the distance HF in practice is exceedingly small, a 
large change in liquid composition being described here only to make the 
mechanism of the cooling process more evident. Now liquid melt of the 
composition H may persist in the liquid state down to the temperature of 
the point I when crystals of the a solid solution of composition J are 
deposited on top of those initially deposited and of composition G. Thus 
little by little, the composition of the residual liquid changes down the 
slope of the liquidus curve DE whilst the composition of the a solid 
solution changes down the branch of the solidus DC. By this process the 

vary in chemical composition from the 
innermost core to the outermost skin, being richer in metal Y in the core 
t an at the skin of each individual crystal; this phenomenon is known as 



coring. The process of crystallization of the a solid solution continues 
until the liquid attains a composition such as that of the point L when the 
last drop of liquid alloy of this composition is absorbed in the solid 
solution. Thus, the composition of each individual crystal varies from 
composition G in the core to composition M at the skin; the average 

composition of the crystals, however, is that indicated by the vertical line 
designated (1). 

In the case of alloy (2) the a solid solution first deposited is that of 
composition N ; thereafter the composition of the a solid solution changes 
down the slope of the solidus branch to the point C, whilst the composition 
of the liquid alloy changes down the liquidus towards the eutectic point E. 
At the eutectic point there are three phases present in equilibrium, the a 
and solid solutions of compositions C and B respectively, and the liquid 
alloy of composition E. The liquid alloy deposits crystals of the a and 
solutions of compositions C and B until all the liquid has been used up 
when, there being only two phases present, the system is univariant and 
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the temperature may fall. In the completely solid condition, therefore, 
alloy (2) consists of primary crystals of the cored a solid solution, sur¬ 
rounded by the eutectic mixture made up of the two solid solutions of 
compositions C and B. 

Examples of alloy systems of the type described above are provided 
by the lead-tin, lead-antimony, copper-silver, and the cadmium-zinc 
systems. Other systems of this type are silver chloride-cuprous chloride, 
silver iodide-mercuric iodide, and naphthalene-monochloracetic acid The 
lead-tin equilibrium diagram is shown in Fig. 85 and in Plate I the micro- 
structures of two common alloys in this system are shown. 

(ii) Systems in which a Peritectic occurs. Certain binary systems in 
which complete liquid solubility and partial solid solubility are’exhibited 



Fig. 86. Equilibrium Diagram showing Peritectic Transformation 


do not have a eutectic, but undergo a transformation known as a peritectic 
transformation. A typical equilibrium diagram for this type of fvstem is 

shown m Flg . 86 . The liquidus is „z> £an | the soIjdus ^BC E any 

S TlSl th qUid a ," 0y UlLatC,y at,ains -mpoSn °oT IE 

point u, this is the peritectic point at which there ire nr^nt d n 
neously the two solid solutions designated a and B and^liauid nM™ % 

p - Fri d -r 

qu^melt is absorbed by diffusion ml ‘ttfni'tialfy d^pE efTU hd 
melt ILs EeCn'c aEd nS n 0r r ti0 v' thc „ com P osi ‘ion of the initial 

under true equilibrium conditions w^uW Ee entirely 
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P solid solution; in practice, however, the liquid still in excess after 
transformation of the outer skins of the initially deposited a solid solution, 
proceeds to deposit solid solutions of compositions indicated by the 
slope of the line CE , until all the liquid is used up. Systems of the type 
described above include the cadmium-mercury, silver nitrate-sodium 
nitrate, silver chloride-lithium chloride, and manganese silicate-magnesium 
silicate systems. 

Type 1 (c) Systems. Binary systems in which complete solubility is ex¬ 
hibited both in the liquid as well as in the solid states may be subdivided as 

(i) Systems in which the freezing point curve has neither maximum nor 
minimum. 

(ii) Systems in which the liquidus passes through a minimum at which 
liquidus and solidus coincide. 


(A) (B) (C) 



Fig. 87. Equilibrium Diagram for Binary Systems Exhibiting 
Complete Solubility in both Liquid and Solid States 


(iii) Systems in which the liquidus passes through a maximum at which 
liquidus and solidus coincide. 

(i) Systems in which the Freezing Point Curve has neither Maximum nor 
Minimum. The equilibrium diagram for this type of system is depicted in 
Fig. 87 (A) in which the upper curve is the liquidus, and the lower curve 
the solidus. The cooling of a melt of any composition in systems of this 
type is similar to that described as alloy (1) in Fig. 84. All melts there¬ 
fore exhibit coring. A number of important alloy systems are of this type; 
they include the copper-nickel, silver-platinum, gold-silver, and the 
platinum-rhodium systems. Other examples include the silver chloride- 
sodium chloride, lead chloride-lead bromide and naphthalene-/3-naphthol 
systems. 

(ii) Systems in which the Liquidus passes through a Minimum at which 
Liquidus and Solidus Coincide. The equilibrium diagram for this type of 
system is shown in Fig. 87 ( B ). This type of system may be regarded as 
being built up of two diagrams of the type shown in Fig. 87 (A). Examples 
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of systems of this type include the copper-manganese, copper-gold, 
nickel-palladium, potassium bromide-potassium chloride, potassium 
carbonate-sodium carbonate, and /?-chloriodobenzene-/;-di-chIorobenzene 
systems. 

(iii) Systems in which the Liquidus passes through a Maximum at which 
Liquidus and Solidus Coincide. The equilibrium diagram for this type of 
systems is shown in Fig. 87 (C). Examples of this type of equilibria are 
vary rare and confined to some few organic systems. 

Type 2 (#) Systems. Fig. 88 shows the equilibrium diagram for systems 
of this type. The similarity of the portion of this diagram designated CFD 



Fig. 88. Equilibrium Diagram for Two Substances, X and Y Partially 
Soluble in the Liquid State and Completely Insoluble * 

in the Solid State 


to the phenol-water system (Fig. 73) should be noted; the same arguments 
regarding conjugate liquid solutions apply, thus C and D are one 8 pair of 
conjugate liquid solutions. Within the area enclosed by the curve CFD two 

VtTXT * The C °PP er - lead s y stem typifies this type of equilibrium 

ly *V(*) Systems. Just as systems of the type shown in Fig 84 mav be 

bv 8 the T i em8 3 de f Velo P ment of s y stems of the type shown in Fig.76 

i ° dUC ,!' 0n ° f thC conce Pt of solid solubility, so systems Q S f the 
yp e 2 ( a ) may be modified to include solid solutions. 


dLlngTh n LwLn- iHbna ° btaining " gaS ' SOHd Sy$temS k 15 useful t0 

fnr ( m Gas " solid s y stems in W ^ich the gas and the solid react together to 
form one or more compounds, and logetner to 
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(b) Gas-solid systems in which the gas dissolves in the solid. 

(a) Gas-Solid Systems in which there is Compound Formation. One of the 
simplest examples of this type of equilibrium is that of calcium oxide and 
carbon dioxide 

CaO + C0 2 ^ CaC0 3 

In this system there are two components, CaO and C0 2 , and at equilibrium 
there are three phases. Thus, by application of the Phase Rule— 

F= C-P + 2 
=2-3+2 

= 1 

The system is therefore univariant so that only one variable (e.g. tempera¬ 
ture) need be quoted to define the system. In other words, at each specific 



Fig. 89. Dissociation of Calcium Carbonate 


temperature the pressure of C0 2 in equilibrium with the CaO and the 
CaC0 3 should be constant and independent of the amounts of the two’ 
solid phases present. This equilibrium pressure, characteristic for each 
pressure, is termed the dissociation pressure. If the pressure of carbon 
dioxide in contact with CaO and CaC0 3 is maintained less than the 
dissociation pressure, the CaCO a will undergo complete dissociation; on 
the other hand, if the pressure in the system is maintained higher than the 
dissociation pressure the CaO will react with the C0 2 to form CaC0 3 , 
either until all the CaO is thus converted, or alternatively until the pressure 
in the system falls; these facts are depicted in graphical form in Fig. 89. 
In those cases where a metallic oxide reacts with CO z to form more than 
one compound there will obviously be more than one constant pressure 
stage such as AB (Fig. 89). 

A similar example of this type of system is that provided by the hydrates 
of copper sulphate. As progressive dehydration of CuS0 4 .5H 2 0 takes 
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place the vapour pressure decreases suddenly at the composition of each 
new hydrate; this is shown in Fig. 90. 

Deliquescence and Efflorescence 

From the foregoing discussion it follows that the stability of a salt 
hydrate is dependent upon the partial pressure of water with which the 
hydrate is in contact. If a salt hydrate is maintained in air in which the 
vapour pressure of water is greater than the vapour pressure of a saturated 
solution of the highest hydrate of this salt, the solid hydrate will take up 
water from the atmosphere until ultimately it takes up enough water to 
form its own unsaturated solution. In other words, this salt hydrate is 
said to deliquesce. 

On the other hand if a salt hydrate exists 
in an atmosphere in which the partial pres¬ 
sure of water vapour is less than the vapour 
pressure of the salt hydrate system, de¬ 
hydration of the hydrate will occur and the 
salt is said to effloresce. These two pheno¬ 
mena of deliquescence and efflorescence 
may be further exemplified by reference 
to three specific salts, calcium chloride, 
sodium sulphate and copper sulphate. 

In the case of calcium chloride, the vapour 
pressure of the hexahydrate, CaCl 2 .6H 2 0 
is considerably lower than the partial pres¬ 
sure of water vapour in the atmosphere 
under normal conditions so t-hat this hydrate will absorb moisture, ulti¬ 
mately forming its saturated aqueous solution. But since the vapour 
piessure of this saturated solution is also lower than the partial pressure 
of water vapour in the atmosphere, the absorption of water continues 
until, finally, the solution becomes so diluted that its vapour pressure is 
the same as the vapour pressure of water in the atmosphere. Calcium 

chloride is thus a compound capable of deliquescence in air under normal 
conditions. 

Sodium sulphate decahydrate, Na 2 S0 4 .10H 2 O, has a vapour pressure 

s lghtly in excess of the partial pressure of water in the atmosphere on dry 

days so that dehydration of the decahydrate occurs, that is, the decahydrate 
effloresces. 

In the case of copper sulphate pentahydrate, CuS0 4 .5H 2 0, the vapour 
pressure of water vapour in the atmosphere under normaf conditions is 
less than the vapour pressure of a saturated aqueous solution of this salt 
so that deliquescence cannot occur, whilst since the vapour pressure of the 
pentahydrate is lower than the vapour pressure of water vapour in the 
atmosphere, efflorescence cannot occur either. Copper sulphate trihydrate, 
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CuS0 4 .3H 2 0, and monohydrate, CuS0 4 . H 2 0, both have lower vapour 
pressures than the pentahydrate (see Fig. 90), so that the monohydrate 
and the tnhydrate are both capable of absorbing moisture from the 
atmosphere to form the pentahydrate, but there the absorption process 
stops and the pentahydrate remains as a dry solid since the vapour pressure 
of the saturated solution is greater than the vapour pressure of water in 
the atmosphere. It is, however, most important to appreciate that deli¬ 
quescence and efflorescence are relative properties; for example, in a very 

dry atmosphere CuS0 4 .5H a O would effloresce, whilst in a very moist 
atmosphere Na 2 S0 4 .10H 2 O would deliquesce. 

(b) Gas—Solid Systems in which the Gas Dissolves in the Solid. If the gas 
dissolves in the solid two phases will be present, the gas and the solid 



in solid 




XGas dissolved 
in solid 



Fig. 91. Gas Pressure—Composition Diagram for 

Solutions of Gases in Solids 


solution of the gas in the solid. By application of the Phase Rule, 
therefore— 


F=C-P +2 
= 2 - 2+2 
= 2 


from which it will be noted that the system is bivariant so that at constant 
temperature the composition of the solid solution will vary with variation 
in the pressure of the gas. Thus solution of the gas in the solid continues 
until it saturates the solid when, since no more gas can dissolve, the 
pressure in the system increases rapidly. On the other hand, it is possible 
that when the solid solution of the gas in the solid has attained a certain 
critical composition the single solid solution may either split up into two 
solid solutions, or alternatively, chemical combination between the solid 

solution and the gas may occur when a pressure equal to the dissociation 
pressure is reached. 
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When simple solution of the gas in the solid takes place, the relationship 
between gas pressure and the composition of the solid solution may be 
represented by a straight line, portion ab in Fig. 91 (^); in this diagram 
the point b corresponds to the formation of a saturated solid solution 
after which the gas pressure increases rapidly as indicated by portion be. 
When two solid solutions are formed, there are three phases present, the 
two solid solutions and the gas, thus— 

F = C - P + 2 
=2-3+2 

= 1 

and the system is univariant; in other words, if the temperature is fixed, 
the pressure and the composition of the phases are also fixed. The relation¬ 
ship between gas pressure and concentration is that shown in Fig. 91 ( B ), 
in which the portion de represents the formation of the first solid solution’ 
and the portion ef, parallel to the concentration axis, the condition 
obtaining when the second solid solution makes its appearance. If, as 
the concentration of gas is increased one of these solid solutions disappears, 
say by conversion into the second solid solution, then since there would 
again be only two phases present, the curve would assume the form indi¬ 
cated by fg. But, if chemical combination occurs between the solid solu¬ 
tions the gas pressure will increase sharply at the composition correspond¬ 
ing to the compound composition; this is represented by the portion fh. 
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THERMOCHEMISTRY 

Chemical reactions are usually associated with the liberation or, alterna¬ 
tively, with the absorption of heat. When either elements or compounds 
react together very readily, as do chlorine and phosphorus, energy is 
liberated in the form of light as well as of heat. 

Chemical compounds may be classified into two groups: (a) those 
compounds which are formed from their elements with the liberation of 
heat (e.g. phosphorus trichloride, carbon dioxide, hydrogen chloride and 
sulphur dioxide); these are termed exothermic compounds , and (b) those 
compounds formed from their elements with the absorption of heat (e.g. 
carbon disulphide, nitric oxide, acetylene); these are termed endothermic 
compounds. 


HEAT OF REACTION 

The heat of reaction of a chemical change is the quantity of heat, measured 
in calories, which is liberated or absorbed when the number of molecules 
of reactants indicated by the chemical equation have completely reacted. 
It is thus possible to write equations in a more complete form so as to 
include the heat changes involved. This is typified by the following 
equations. 

2Na + 2HC1 = 2NaCl + H 2 + 152 540 cal. . . (1) 

C + 0 2 = C0 2 + 94 450 cal.(2) 

It should be noted that the heats of reaction involved are not independent 
of external conditions. Thus, if gases react together it is necessary to 
know if they do so at constant volume or at constant pressure; in the 
former case no external work is done by or against the atmosphere, 
whereas in the latter case work is done either by or against the atmosphere 
so that the thermal equivalent of this work must be added to, or subtracted 
from, the heat of reaction at constant volume. 

The physical state of the reacting substances or the products also affects 
the heat of reaction, and in order to prevent confusion it is necessary to 
specify the physical states of reactants and of products using the symbols 
(.s), (/) and (g) to indicate the solid, liquid and gaseous states respectively. 
Thus the following equation 

Na (s) + iCl 2 (g) = NaCl(.s) + 98 330 cal. . . (3) 

indicates that 23 g of solid sodium react with 35-46 g of gaseous chlorine 
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to produce 58*46 g of solid sodium chloride accompanied by the liberation 
of 98 330 calories of heat. 

When hydrogen and oxygen combine together the heat of reaction will 
differ according as to whether the product is water vapour or steam, the 
larger quantity of heat being associated with the formation of steam because 
of the liberation of the additional heat associated with the latent heat of 
vaporization of water; the two heat values are given in the following 
thermochemical equations. 

= H 2 0(£) - 57 801 cal. . . . (4 a ) 

H 2 C?) + lO»(g) = H 2 0 (/) + 68 470 cal. . . . (4b) 

In dealing with elements capable of existence in differing allotropic forms 

it is necessary to state which allotrope is involved since different allotropes 

of the same element have different heats of reaction. For example, when 

monoclinic sulphur (S^) is converted to rhombic sulphur (S x ), heat is 
liberated— 



75 cal. 



The heat of reaction is also dependent upon the temperature at which the 
reaction is conducted. Unless mention is made to the contrary it is 
assumed that the reaction commences at atmospheric temperature, to 
which the temperature of the products subsequently returns. 


Heat of Formation 

The quantity of heat, measured in calories, evolved or absorbed when one 

gramme molecular weight of a compound is produced from its component 

elements, is known as the heat of formation of the compound. The heats of 

tormation of some common compounds are shown in Table 37 on p 204 

From the table shown on p. 204 it should be noted that liberation of heat 

is associated with the formation of exothermic compounds (e.e. CO. i 

whilst abstraction of heat is associated with the formation of endothermic 
compounds (e.g. C 2 H 2 ). L 


Heat of Combustion 


p,i,fe"Ss oT ,h ' rm “ l,em “' e,|Ua ” n! i " el “ de ““ 


CCs) + 0 2 (g) = CO,(g) + 94 450 cal. 

S M + 0 2 (g) = SO.Jg) + 70 920 cal. 

H 2 (£) + }0 2 (g) = HoOQf) + 57 801 cal. 

QH^) + 240 2 ( i? ) = 2CO,/g) + W 2 0(g) + 300 601 cal. 
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Table 37 
Heats of Formation 


{in calories per gramme mol at 18°C) 


Substance 

Heat of Formation, — AH 

CO (g) 

+ 26 840 

co 2 (g) 

+ 94 450 

SO, (g) 

+ 70 920 

S0 3 (s) — p form 

+ 105 200 

H a O (g) 

+ 57 801 

h 2 o (/) 

+ 68 370 

HF (g) 

+ 64 000 

HC1 ( g ) 

+ 22 060 

HBr {g) 

+ 8 650 

HI (g) 

- 5 910 

NO ( g ) 

- 21 600 

NO, (g) 

- 8 030 

n 2 o (g) 

- 19 650 

C 2 H 2 (g) 

- 53 900 

C 2 H 4 (g) 

- 11 000 

NH 3 (g) 

+ 11 000 

cs 2 (/) 

- 15 400 

H 2 s (g) 

+ 5 300 

P 2 O s (s) 

+ 36 000 


CS 2 (g) + 30 2 {g) = C0 2 (^) + 2SO 2 (g) + 258 290 cal. 

CO (g) + \0 2 {g) = CO 2 (g) + 67 610 cal. 

Thus, in the first example, 94 450 cal. represents the heat of com¬ 
bustion of one gramme molecular weight of carbon, that is, 12 g of carbon; 
similarly, 70 920 cal. represents the heat of combustion of one gramme 
molecular weight of sulphur; 300 601 cal. the heat of combustion of 
one gramme molecular weight of acetylene, and 67 610 cal. the heat 
of combustion of one gramme molecular weight of carbon monoxide. It 
should be noted that the heats of combustion of carbon, sulphur and 
hydrogen also represent the heats of formation of carbon dioxide, sulphur 
dioxide and water vapour respectively. 

Heat of Solution 

Heat is either liberated or absorbed when a substance dissolves in a 
solvent. When making calculations involving reactions in solution it is 
therefore necessary to take these facts into account. The heat of solution 
is the quantity of heat liberated or absorbed when one gramme molecular 
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weight of a substance is dissolved in such a large volume of the solvent 
that further addition of solvent causes no further heat change. When 
such dilute solutions are prepared with water as the solvent it is customary 
to employ the symbol “aq” to indicate this fact. 

Heat of Neutralization 

Heat is also evolved when in aqueous solution a base is neutralized by an 
acid, and vice versa. The heat of neutralization of an acid is defined as the 
amount of heat evolved when one gramme equivalent weight of the acid is 
neutralized by a base. 

Some values for heats of neutralization for a number of acids are given 
in Table 38. 


Base 


NaOH, aq 
KOH, aq 
£Ca(OH) 2 , aq 
£Ba(OH) 2 , aq 
NaOH, aq 
KOH, aq 
J 2 Ca(OH) 2 , aq 
*Ba(OH) 2 , aq 
NaOH, aq 
KOH, aq 
£Ca(OH) 2 , aq 
|Ba(OH) 2 , aq 
NaOH, aq 
KOH, aq 
4Ca(OH) 2 , aq 
£Ba(OH) 2 , aq 
NH 4 OH, aq 
NH 4 OH, aq 
NH 4 OH, aq 
NH 4 OH, aq 
NaOH, aq 
KOH, aq 
2 Ca(OH) 2 , aq 
£Ba(OH) 2 , aq 
NH 4 OH, aq 


Table 38 

s of Neutralization 

Acid 

Heat of Neutral 
(calories) 

HC1, aq 

-1- 13 710 

HC1, aq 

+ 13 710 

HC1, aq 

4- 13 717 

HC1, aq 

4- 13 708 

HN0 3 , aq 

4- 13 710 

HN0 3 , aq 

4- 13 710 

HN0 3 , aq 

4- 13 710 

HN0 3 , aq 

+ 13 710 

2 H 2 SO,, aq 

-1- 14 241 

2 H 2 S0 4 , aq 

4- 14 240 

£H 2 S0 4 , aq 

+ 14 240 

£H 2 S0 4 , aq 

-1- 14 240 

HF, aq 

4- 16210 

HF, aq 

4- 16210 

HF, aq 

+ 16210 

HF, aq 

+ 16210 

HC1, aq 

-f 12 045 

HINO 3 , aq 

+ 12 170 

£H 2 S0 4 , aq 

-f 12 685 

HF, aq 

4- 15 100 

HCN, aq 

4- 2711 

HCN, aq 

4- 2 840 

HCN, aq 

4- 2 840 

HCN, aq 

4- 2 880 

HCN, aq 

4- 1 300 
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Hess’s Law of Constant Heat Summation 

This law states that the heat evolved or absorbed during any chemical 

reaction is independent of the number of stages by means of which the 

reaction is carried out , being dependent only upon the initial reactants and 

the final products of the reaction. Hess’s Law may be illustrated by 

reference to the formation of carbon dioxide either directly from its 

component elements, or via the formation of intermediary carbon 
monoxide. 

(A) Formation of Carbon Dioxide Direct from its Component Elements. 

C(^) 4- O 2 (g) = CO 2 (g) + 94 450 cal. 

12 g 32 g 44 g 

(B) Formation of Carbon Dioxide via the Formation of Intermediate 
Carbon Monoxide. 

(i) C(s) + i0 2 (g) = CO(g) + 26 840 cal. 

12 g 16 g 28 g 

(ii) CO (g) + %0 2 (g) = CO 2 (g) -f 67 610 cal. 

# 28 g 16 g 44 g 

Thus, in equation (A) the oxidation of 12 g of solid carbon by 32 g of 
gaseous oxygen to 44 g of gaseous carbon dioxide is associated with the 
evolution of 94 450 cal.; whilst the oxidation of 12 g of solid carbon 
in the two-step process as indicated in equations ( B ) (i) and (ii) by a total 
weight of 32 g of oxygen still leads to the formation of 44 g of carbon 
dioxide and the evolution of the same quantity of heat, that is, 94 450 
cal. (26 840 -f 67 610). 

Another illustration of Hess’s Law is provided by the syntheses of an 
aqueous solution of ammonium chloride, a compound capable of being 
prepared in two distinctly different ways— 

(1) The Reaction of Gaseous Ammonia and Gaseous Hydrogen Chloride 
to form Solid Ammonium Chloride as follows — 

(a) NH 3 (g) + HCl^) = NH 4 C1(5) + 41 890 cal. 

If this one gramme molecular weight of ammonium chloride is 
dissolved in water there is an absorption of heat amounting to 3818 cal., 
thus— 


(b) NH 4 ClCy) + aq = NH 4 C1, aq - 3818 cal. 

The production of an aqueous solution containing one gramme molecu¬ 
lar weight of ammonium chloride is therefore associated with the liberation 
of (41 890 - 3818) cal. = 4- 38 072 cal. 
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(2) The Reaction of Gaseous Hydrogen Chloride with an Aqueous 
Solution of Ammonia. The solution of ammonia in water, the solution of 
hydrogen chloride in water, and the subsequent reaction of hydrochloric 
acid with the ammonium hydroxide are all exothermic reactions as is 
indicated below. 


(c) 

NH 3 (^) 

+ aq 

= NH 3 , aq 

+ 

8 350 cal. 

id) 

HC1(^) 

+ aq 

= HC1, aq 

+ 

17 627 cal. 

(e) 

NH 3 , aq + HC1, aq 

= NH 4 C1, aq + 

12 095 cal. 



Total heat liberated = 

+ 38 072 cal. 


Thus, the heat liberated as the algebraic sum of reactions (a) and (/>) is 
equal to the sum of the heat liberated in reactions (c) + (d) + (<?); in 
other words, the synthesis of an aqueous solution of ammonium chloride 
by different methods leads to the liberation of the same quantity of heat. 


CALORIFIC VALUES OF FUELS 

The calorific value of a fuel is the quantity of heat produced by the com¬ 
bustion of unit part by weight of a fuel, and may be expressed in terms of 
various heat units. For example, the calorie is the quantity of heat required 
to raise 1 g of water through 1 C, the calorific value being reported in 
calories per gramme. The “large calorie” or “kilogramme calorie” is 
equal to 1000 g. cal. For engineering purposes calorific values 
are often quoted in “British Thermal Units” (B.Th.U.) per lb; in this 
system, one unit is defined as the quantity of heat necessary to raise 1 lb 
ol water through 1°F. A third unit is the “Centigrade Heat Unit,” (C.H.U.) 
which is the quantity of heat required to raise 1 lb of water through 1°C 

factors UnitS ^ Feadily interconvert ed, using the following conversion 


1 kg cal = 2-2 C.H.U. = 3-96 B.Th.U., and 
1 cal/g = l kgcal/kg = 1-8 B.Th.U./lb. 


Solid Fuels 

^ de ; erm j. n f tion of the calorific value of solid fuels a known weight 
order of 1 g) of the fuel is burnt in oxygen at a pressure 25 to 35 

Wlthin a c,osed vesse * known as a “bomb.” The bomb is 

occurring theT'^ COntained within a calorimeter and on combustion 
meter is g n nn te , m P eraUlrc u rlse °f the water contained within the calori- 

calorific vaTue The f l °l T f nerated b >' the fuel > and thus to its 

heat nl T. ,S flrcd electncall -V from outside the bomb by 

neating to white heat a short length of fine wire. ' V 
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The bomb itself is fabricated from strong alloy steel and is composed of 
two principal parts, the body and the cap (see Fig. 92). In order to ensure 
a gas-tight joint a lead ring is often fitted at the junction of body and cap. 
Two rods extend into the body of the bomb from the underside of the cap, 
serving both as crucible supports and also as terminals for the firing wire; 
one of these rods is insulated electrically from the metal of the cap. In 
preparation for carrying out a determination, a small loop of firing wire 



F}andf% ='Terminals for electrical 
connections 

V 2 *lnlet needle valve 

V, =Outlet « 

S, andS 2 ^Screwedplugs fitted when 
bomb is placed in calorimeter 

R «=Platinum tube serving as inlet 

for oxygen and also as electrical 
Connection for firing wire 

D -Platinum rod serving as 

electrical connection for 
f ring wire 

T =Silica capsule containing fuel 

a, and a 2 - Firing wire connected to 

D and R at these points 


Fig. 92. Bomb Calorimeter 


(usually nickel but sometimes platinum) is attached to the two supports, 
the loop itself being embedded in the weighed fuel contained in a crucible 
supported within a ring at the bottom of one of the above-mentioned rods. 
The cap is then screwed on to the body of the bomb. Oxygen under 
pressure is admitted to the bomb through a needle valve in the cap, until 
the pressure inside the bomb, as indicated by a gauge, is between 25 and 
35 atmospheres; the needle valve is then closed, the electrical connexions 
made but the circuit not completed, and the bomb placed within the 
calorimeter. 

The total water equivalent of the calorimeter should be from 2500 to 
3000 g, so that a temperature rise of 2*5°-3 0°C may be obtained. In order 
to cause the heat loss from the calorimeter to take place at a uniform rate 
the calorimeter vessel itself should be enclosed in an outer water jacket 
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containing from 15 to 20 litres of water. The water in the calorimeter 
vessel is stirred mechanically throughout the determination and its tempera¬ 
ture observed each minute by means of a thermometer which may be 
read to 0-01 °C. J 

When all the preparations as detailed above have been made, the 
mechanical stirrer is started and after an interval of five minutes the thermo¬ 
meter is read and further readings taken at one minute intervals throughout 
the determination. The observations may be divided into three groups, 
(i) the initial period, (ii) the main or firing period, and (iii) the cooling-off 
or final period. The initial period commences with the first thermometer 
reading and concludes when the bomb is fired at the end of the fifth 
minute; the firing period begins with the firing of the bomb and continues 
until heat transfer from the bomb ceases as indicated by a fall in the 
thermometer reading. The first reading of the cooling-off period is that 
immediately following the maximum reading; it is of five minutes duration. 
Thus, knowing the weight of fuel burnt, the total water equivalent of the 
calorimeter and the rise in temperature of the water in the calorimeter the 
calorific value of the fuel may be calculated. 

As well as the carbon in the fuel burning to carbon dioxide, the combust¬ 
ible sulphur, at the high pressures which exist within the bomb, is oxidized 
to sulphur trioxide which, combining with water formed by the oxidation 
ot the hydrogen in the fuel, gives rise to the production of sulphuric acid, 
similarly, the nitrogen in the fuel forms oxides of nitrogen which in the 
presence of water form nitric acid. The syntheses of both these acids are 
exothermic processes and the heat evolved must be taken into account 
when calculating the calorific value of the fuel if accurate results are 

that'Thp ' U ' S W ‘J h the ° b i cct of S ivin g protection against these acids 

enln m 5 6 ° f many typCS ° f bomb are coated with vitreous 

or evei gold S ° mC corros,on - resista "‘ metal coating such as chromium 

v J bC bomb “‘orimeter may also be employed to determine the calorific 
alue of certain types of liquid fuels (e.g. heavy fuel oils) using the same 
technique as that described above. The calorific value of light Ind readily 

usin ^ hTh fUC ' S < C * Pet,0l) 15 b6St determined expfrlmentafiy bj 
using a modified type of Boys’ gas calorimeter. Y y 

Example of Calculation of Calorific Value of a Solid Fuel 


Nature of sample 

Weight of sample 

Weight of water in calorimeter 

Water equivalent of bomb, etc. 

Total weight of water 


Bituminous coal 

10g 
2200 0 g 

400 0 g 


= 2600 0 g 
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Initial period 

Firing period 

Cooling-off period 

Time 

Temperature 

Time 

Temperature 

Time 

Temperature 

(min) 

(°C) ; 

(min) 

(°C) 

(min) 

(°C) 

0 

18-349 

6 

20-550 

10 

20-968 

1 

18-351 

7 : 

20-960 

11 

20-964 

2 

18-353 

8 

20-971 

12 i 

20-960 

3 

18-356 

9 

20-971 

13 

20-957 

4 

18-358 



14 

20-953 

5 

18-360 



15 

20-949 

Mean temperature during 
initial period = 18-355°C 

Maximum temperature 
during firing period 
= 20-971°C 




/ 


Observed rise = (20-971 — 18*355°C) = 
Thermometer correction = 

Corrected rise = 

Heat liberated = 

Heat liberated by 1 g of sample = 

Calorific value of sample = 


2-616°C 
+ 0-008 
2-624°C 

2-624 x 2600 cal. 
2-624 x 2600 cal. 

6 822 cal. 

6 822 cal./g 
6 822 x 1-8 B.Th.U/lb 
12 280 B.ThU/lb 


Note: In this example no account has been taken of heat evolution due to 
the syntheses of sulphuric and nitric acids. 

It should also be noted that in the above numerical example no account has 
been taken of the usual “cooling correction”; for details on this particular 
point reference should be made to British Standard Specification, No. 1016, 
1942. 


Gaseous Fuels 

The determination of the calorific value of a gaseous fuel is usually carried 
out by means of the Boys’ gas calorimeter, the essential features of which 
are that heat is abstracted from two luminous jets of burning gas (i.e. the 
gaseous fuel under examination) by a stream of water flowing through two 
spiral copper pipes in series which surround the combustion chamber, 
the whole being surrounded by a metal casing {see Fig. 93). The copper 
pipes are bound with wire to increase their capacity for heat absorption. 
The temperatures of the inlet and the outlet water are read on thermometers 
placed at suitable positions in the inlet and outlet jets. The inlet water 
first passes downwards through the outer coils and then upwards through 
the inner coils, the latter being heat insulated from the former by a parti¬ 
tion. The water finally flows through channels on the exterior of the metal 
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casing immediately above the chimney, into a mixer formed from coiled 
brass strips, from whence it leaves the calorimeter. The calorimeter is 
provided with a movable outlet pipe by means of which the water leaving 
the apparatus may be directed either to waste or into a large measuring 
cylinder. 

At the commencement of the test, water is poured into the base of the 
apparatus until it overflows at the spout provided; condensation water 


Thermometers 



Fig. 93. Boys’ Gas Calorimeter 


from the burning gas flows from this spout during a test and is collected 
and measured. An accurate gas meter (a meter giving a complete revolu¬ 
tion for each 0-1 ft * is very suitable) is connected to the gas supply to be 
tested, and the calorimeter connected to the gas meter. 

In carrying out a test, the gas jets are lighted and the gas flow adjusted 
to be approximately 0-1 ft 3 /min (this rate of flow is suitable for gases such 
as coal gas, but with gases of lower calorific value a rate of flow three or 
lour times this value should be employed); the rate of water flow is then 
a justed so that the products of combustion leave the apparatus as nearly 

Vcs?°™'r at atmos P heric temperature. With a temperature difference of 
10 -20 C between inlet and outlet water sufficient cooling of the exit 
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gases should be effected. Having made these adjustments the apparatus 
should be allowed to run for 20-30 min before making a test, the outlet 
water should be allowed to run to waste during this stage. With the 
commencement of the actual test the temperatures of the inlet and outlet 
water are read on the appropriate thermometers, and at the same time the 
outlet pipe is moved so that the outlet water flows into a large measuring 
cylinder. The inlet water temperature should be read again at the com¬ 
pletion of the first, second and third revolutions of the main hand of the 
gas meter, whilst the temperature of the outlet water should be read at 
every quarter of a revolution of the main hand of the gas meter. A suitable 
volume of gaseous fuel for making the test is 0-3 ft 3 . 


Example of Calculation of Calorific Value of a Gaseous Fuel 

Volume of gas burnt = 0*3 ft 3 

Volume of condensed water = 6-3 ml 

Volume of water flowing through calorimeter during test = 1780-0 mi 


Volume of 

; Inlet Water 

Mean Inlet 

Outlet 

Mean 

0 2 — 0 l 

Gas Burnt 

Temperature 

Water Tem¬ 

Water Tem¬ 

Outlet 


(ft 3 ) 

(°C) 

perature, 

(°C) 

perature 

Water Tem¬ 
perature, 0 2 



CO 

CO 

CO 

0-0 

9-65 


28-0 






28-0 

1 




9-63 

28-0 

28-05 

18-42 




28-1 



0-1 

9-60 


28-15 






280 




S 

9-58 

28-1 

28-13 

18-55 




28-2 



0-2 

9-55 


28-2 






28-25 

1 




9-58 


28-27 

18-69 

0-3 

9-56 


28-25 

i 




Average of differences (0 2 — 0 t ) = 


Gross calorific value of gas 


18-6°C 
1-780 x 18-6 


0-3 

= 110-4 k.cal./ft 3 


k.cal./ff 
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To calculate the net calorific value it is necessary to deduct from the gross 
calorific value an amount of heat obtained by multiplying the number of 
millilitres of condensed water per cubic foot of gas used in the test by 0-6 cal. 
Thus, in this particular example— 


Net calorific value = 110-4 — 



x 



k.cal./ft 3 


= 110-4— 12-6 k.cal./ft 3 
= 97-3 k.cal./ft 3 
= 97-8 x 3-96 B.Th.U./ft 3 
= 387-3 B.Th.U./ft 3 

Some typical examples of calorific values of solid, liquid and gaseous 
tuels and their chemical analyses are shown in Table 39 on p. 214. 


intrinsic energy 

From a consideration of the law of conservation of energy, and also from 
t e fact that the formation of exothermic compounds ^accompanied bv 
the evolution of heat, it may be argued that an equivalent amount of some 
other foim of energy has been converted into heat. It is thus possible to 

fmnlt U H ,h° ? , subslance a s P ecifi c intrinsic energy, by which term is 

implied the total amount of energy stored within that substance. The 

is unknown^ lntnnS ' C ener gy of an elenlentor a compound,however, 

The intrinsic energy of an uncombined element in its normal form is 

nature Then XT ‘° ^ Zer °’ if 3 com P ound is exothermic in 

sum of hn T ‘ lnS1C Cner8 >’ ° f that compound must be lower than the 
sum of the intrinsic energies of the component elements by a quantity of 

word 8 s y E lem *° the heat of Nation ‘hat comp o y und q In X 

withThT ,nsic e " er gy of a compound is equal to its heat of formation 

, . • ,'S n leversed - For example, the intrinsic energy of carbon dioxide 

aking , h e intrinsic energies of carbon (as graphite) and oxygen to be 

.* ,h “ M'owing Ration! * 

^ ^2 = C0 2 -f 94 450 cal. 

Intrinsic energy = 0 + 0 = - 94 450 - 94 450 

t?f““ S5l0n ■' Sh0, : kl "““d ltal exothormic 

ST 5 - iSsSiSJSpS 

are of considerable value in solving thermochemical calculations 



Table 39 

ical Calorific Values 
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Typieal Thermoehemical Calculations. The following examples will 
illustrate the methods employed in thermochemical calculations. 

. 1 L _ ^ 41 | ^ liquid carbon disulphide 

from the following data. v 


C (s) + O, (g) = C0 2 (g) + 94 450 cal. 

S (s) + 0 2 (g) = S0 2 (g) + 70 920 cal. 

CS a (/) + 30 2 (g) = CO a ( g ) + 2 SO* (g) + 251 690 cal. 

Method. Underneath the molecular formula for each substance write the 
‘ r ' t " nSlc r e " er gy>. remembering that these values are those of the respective 
, format !on with the signs reversed, whilst the intrinsic energies of 
ments are written as zero. If a: represents the heat of formation of CS 2 , 
tnen x indicates its intrinsic energy. 

cs 2 (/) -r 30 2 ( g) = C0 2 (g) + 2S0 2 ( g) -f 251 690 cal. 

- * + 0 = 94 450 + 2( - 70 920) + 251 690 
That is, - * + 0 = — 94 450 - 141 840 + 251 690 

Therefore, solving for x — 


and 


- * = + 15 400 cal, 
x = - 15 400 cal. 


cakirL he wh! 3 l f0 i, rmati0n of . lic l uid carbon disulphide is, therefore, - 15 400 

endothermic* comfK5und ne ^ at ‘ Ve m * hat lhiS COm POund is an 

fonowmg^data. CalCUlate ° f formation of h y dro 8 en sulphide given the 

2H 2 (^) + 0 2 (g) = 2H a O (/) + 13 740 cal. 
s Or) + 0 2 (g) = S0 2 (g) 4- 70 920 cal. 

2H 2 S (g) + 30 2 (g) = 2S0 2 (g) + 2H 2 0 (/) + 267 980 cal. 

i.S ° f '°™ i “ «r «... 

energies and solving for 7 ~ 'Producing the respective intrinsic 

2H 2 S (*) + 30 2 yg) = 2SO, (g) + 2H 2 0 (/) + 267 980 cal. 

— 2x + 0 = 2(— 70 920) + (- 13 740) + 267 980 
~ 2x = — 10 600 cal. 
and x = + 5 300 cal. 

+ 5 300 

8—(T.447) 
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Effect of Variation of Temperature on Heat of Reaction 

It is often important to be able to calculate what values the heat of a 
reaction or the calorific value would have at temperatures other than at 
atmospheric temperature. For this purpose use may be made of Kirch- 
hoff's equation (1858) in which the rate of variation of the heat of a reaction 
or the calorific value is related to the specific heats of the substances 
concerned. 

Kirchhoff's equation, which is derived from the Law of Conservation of 
Energy, may be regarded as an application of Hess’s Law; its general 
application is illustrated as follows. 

If a process is capable of being carried out in two different ways, both 
starting with the same initial systems and ending with the same final 
systems, then with such conditions obtaining in both these processes, the 
increases in the heat of reaction will be identical. 

Suppose first, that the reaction is conducted between the reactants at 
the temperature 7\ to produce the products at the same temperature, this 
process being associated with the absorption of heat, AH X . The tempera¬ 
ture of the products is then raised to temperature T 2 whereby a quantity of 
heat equal to C 2 (T 2 — 7^) is absorbed, C 2 being the specific heat of the 
reactants. The total quantity of heat absorbed by the reaction proceeding 
according to this first route is, AH X 4- C 2 (r 2 — 7\). 

In the second process, however, the temperature of the reactants is 
first raised to temperature T 2 whereby an amount of heat equivalent to 
C x (T 2 — 7"i) is absorbed, C 1 being the specific heat of the reactants. Whilst 
at this temperature the reaction is allowed to proceed and an absorption 
of heat equivalent to AH 2 takes place. The total quantity of heat associated 
with this second process is thus C 1 {T 2 — T x ) + AH 2 . 

As stated above, the heat absorbed by these two processes must be 
identical, therefore— 

AH, + C 2 (T 2 - T,) = Cj(r 2 - 7\) + ah 2 
„ ,. , A h 2 - Ah, 

From which, -* „ — = C 2 — C, 

1 2 


Or, in more general terms— 



where SC 2 and ZQ are the sums of the specific heats of the reactants and 
the products respectively. 

Expressed in words, the increase of the heat of reaction per degree 
rise of temperature is equal to the sum of the specific heats of the products 
less the sum of the specific heats of the reactants. This may be illustrated 
by the following example. 
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Suppose it is desired to calculate the latent heat of fusion of ice at 
— 5°C, given that the value of this property at 0°C is — 80 cal./g, and tt^at 
the specific heats of water and ice are 10 and 0-5 respectively; then— 


A Ho - A H x 

~ ■ ^2 “71 

On introducing the given values, 

- 80 - A H x 
- 5 




Therefore, 


A H, = 77*5 cal. 


So that the latent heat of fusion of ice at — 5°C is — 77-5 cal./g. 



CHAPTER 11 


REACTION VELOCITY AND CHEMICAL EQUILIBRIUM 


That different chemical reactions proceed at different rates is well known. 
It will be recalled that all ionic reactions as typified by the neutralization of 
an acid by an alkali, or the precipitation of barium sulphate from barium 
chloride solution by the addition of sodium sulphate, take place almost 
spontaneously; whilst other reactions such as those involved during the 
formation of patina" (the green scale of basic salts formed on the surface 
of coppei when this metal is exposed to the atmosphere), or the rusting of 
iron, take place at an exceedingly slow rate. Yet other reactions such as 
the action of sulphuric acid on metallic zinc, the hydrolysis of an ester, or 
the oxidation of carbon at elevated temperatures, occur at such rates that 

the corresponding reaction is completed in a matter of minutes, or in some 
cases, hours. 

In spite of the diverse nature of such reactions, in particular their 
differing velocities, certain relationships exist between the reaction 
velocities on the one hand, and the reaction conditions on the other. 

In discussing chemical reactions it is often convenient to make a dis¬ 
tinction between ( a ) homogeneous reactions, and ( b ) heterogeneous 
reactions. In homogeneous reactions the reactants and the products 
present in the system are all of the same type—that is, either all gases, or 
substances in solution; whereas the characteristic feature of heterogeneous 
reactions is the presence in one and the same system of phases of differing 
types. 

THE VELOCITY OF CHEMICAL REACTION 

The velocity of a chemical reaction is defined as the decrease in unit 
time of the concentration (in gramme molecules per litre) of one of the 
reactants. Homogeneous reactions take place in homogeneous systems, 
and heterogeneous reactions take place in heterogeneous systems. 

Factors Affecting Reaction Velocity 

There are four factors which affect the velocity of a chemical reaction; 
they are the physical nature of the reactants, the molecular concentration 
of the reactants, temperature, and presence of catalysts. 

Physical Nature of the Reactants. Subdivision of the reactants often 
increases the reaction rate. Reactions often occur more rapidly in solution 
since in such cases subdivision has been continued down to the molecular 
and/or the ionic levels. 
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Influence of the Molecular Concentration of the Reactants. It is well 
known that a given weight of a metal (e.g. magnesium) will dissolve much 
more rapidly in concentrated hydrochloric acid than in dilute hydrochloric 
acid. It is important to appreciate, however, that the reaction velocity 
begins to diminish as soon as the reaction commences, simply because the 
concentrations of both hydrochloric acid and magnesium become pro¬ 
gressively smaller with the passage of time. These generally observed 
facts are co-ordinated in the statement known as the Law of Mass Action 
as proposed by Guldberg and Waage (1867) namely, that the velocity of a 
chemical reaction is proportional to the active masses of the reacting 
substances. By the term “active mass” is meant molecular concentration 
or the number of gramme molecules per unit volume. As far as gaseous 
systems or dilute solutions are concerned, “active mass” is given with 
sufficient accuracy as being equivalent to the concentration of the substance 
in gramme molecules per litre raised to the power of the number of mole¬ 
cules of that substance shown to react by the chemical equation describing 
the reaction involved. Thus, if in V litres of the system there are a gramme 

molecules of the substance A, and b gramme molecules of the substance B 
which react as follows— 


xA + yB = Products of the reaction 
then, the velocity of the reaction, v, is given by the expression 





where k — the “velocity constant” of the reaction. 

mass 6 bu!°akn ' S affeCted ma S nitude not only by the active 

mass, but also by the temperature, the presence of catalysts and the 

physical nature of the reactants. ysis, ana t 

subltan;° n u enient to symbolize the gramme molecular concentration of a 

brackets t' 5 ! f ° rmula ° fthat substan ce within square 

□rackets, thus, equation (2) becomes— ^ 


V 


k MJ L#J 




varSon of , u N ° S ' mple rclati onship exists connecting 

t Pe W,tK vanat,on in thc rate of a chemical reaction 
reactTnnv.i ,"’ ho 7 ver ’ that the higher the temperature, the greater the 
cases to H °h| ty, u nd m general ’ an mcrease of 10°C may be said in many 

velocity Can'S VelOCity ' The specific variation of reactmn 

reaction y temperature r,se ,s - of c °nrse, characteristic for each 

othe f r 1 subsUinr^ a,alyStS ' A ' a / al y sl « a substance which, when added to 

tances, increases their reaction rate without itself suffering any 
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permanent chemical change. Catalytic action or catalysis is very common 
and often of profound industrial importance. For example potassium 
chlorate will decompose readily at 400°C, yielding potassium chloride and 
oxygen, but if previously mixed with a little manganese dioxide, decompo¬ 
sition occurs at a much lower temperature. Many other oxides, such as 
ferric oxide and cupric oxide, will act in a similar manner to manganese 
dioxide, but less effectively. 

Catalytic reactions are notable for the following characteristics— 

(i) The chemical composition of the catalyst remains unchanged at the 
end of the reaction. It should be noted that the physical state of the catalyst 
is often changed; if coarse granular manganese dioxide is employed to 
catalyze the decomposition of potassium chlorate, it will be found that a 
fine powder remains at the end of the reaction. Similarly, bright metallic 
platinum used to catalyze the reaction between oxygen and hydrogen 
becomes coated with a very fine film of the powder known as “platinum 
black.” 

(ii) A very small quantity of catalyst is capable of affecting a large 
quantity of reacting substance. Perfectly dry hydrogen chloride and 
ammonia are incapable of reacting, but the presence of a trace of moisture 
permits immediate reaction to form dense white fumes of ammonium 
chloride. 

(iii) When a system is composed of two reversible or opposing reactions, 
the velocity of both reactions is affected to the same extent by a catalyst. 
In other words, the position of equilibrium in a reversible reaction is 
unaffected by the presence of a catalyst. A catalyst does not affect the 

* yield, but only the rate at which the yield is obtained. 

It is convenient to divide catalytic reactions into two groups, namely 
homogeneous catalysis and heterogeneous tatalysis. In homogeneous 
catalysis the catalyst is distributed uniformly throughout the system. 
Examples of homogeneous catalysis are provided by the action of moisture 
on the interaction of hydrogen chloride and ammonia, and also the action 
of nitrogen peroxide to accelerate the reaction of sulphur dioxide, water 
vapour and oxygen in the Lead Chamber Process for the manufacture of 
sulphuric acid (see p. 751). In heterogeneous catalysis, the catalyst is not 
uniformly distributed throughout the system; most commonly the catalyst 
is a solid phase, whilst the reactants exist either in the liquid or the gaseous 
states. In the Contact Process (see p. 755) for the manufacture of sulphuric 
acid, the sulphur dioxide and oxygen are passed over finely divided 
platinum maintained at about 400°C— 

2S0 2 + 0 2 ^ 2S0 3 

Similarly, in the Haber Process {see p. 634) for synthesizing ammonia, 
hydrogen and nitrogen are passed over finely divided iron or molybdenum 

N 2 + 3H 2 ^ 2NH 3 
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And in Deacon s Process (see p. 788) for the manufacture of chlorine, 

hydrogen chloride and oxygen are passed over a catalyst of cupric chloride 
on hot pumice— 

4HC1 -f 0 2 = 2H 2 0 4- 2C1 2 

The oxidation of ammonia to nitric oxide and water is extremely interesting 

in that it is facilitated by using as catalyst either platinum or copper, 

the products differing according to the catalysts employed. With platinum’ 

nitric oxide and water result, whilst with copper, nitrogen and water are 
obtained. & 


4NH 3 t 50 2 — 4NO • 6H 2 0 at 500 C, platinum catalyst. 

4NH 3 -t 30 2 = 2N 2 + 6H 2 0 at 500°C, copper catalyst. 

As far as gas reactions are concerned it would appear that in heterogeneous 

catalysis it is possible for the reactants to form a very thin “condensed” 

layer of gas a molecule or two thick on the metal catalyst. Bv this process 

ol adsorption the reacting gases are brought into intimate contact so that 

they react the more readily to form the product or products which then 
evaporate from the surface. 

Negative Catalysts. All the catalysts described so far may be termed 
positive catalysts in that they increase the velocity of a chemical reaction 
mere are however, substances known as negative catalysts which are 
capable of retarding chemical reactions. One of the best' examples of a 
negative catalyst is lead tetraethyl which is often added to petrol in order 
to prevent knocking” (or “pinking”), that is, pre-ignition of the petrol 

enmh T-' r mlXtUre on bein g compressed in the cylinder of an internal 
combustion engine just previous to sparking. Another example of 

aldd,v Z T ‘ yS,S 15 £ r ° VidCd by the addition ° f Mroquinone to benz- 
aldehyde to prevent the oxidation of the latter substance 

suscentihll ? iS °" S ^ Anbcata, >’ sts >- Heterogeneous catalysts are very 
aa!«n ■ P °!i° nln S. b X the adsorption of substances known as 

“ Eic ' rT; ’ th ° Contact Process for the manufacture of 

ca ehX nur f, T P' ?55) thC Sulphur dioxide and ox ygcn must be 
carelully purified to remove arsenic since this element will “poison” the 

t P he dern ^ y - St a similar manner, colloidal platinum which catalyzes 

„h , !:°7 101 ' 0f l,ydr °e“ P eroxide « poisoned by .rate, of hydro™ 

hydrogen SrtdT monoxide l„3 

Catalyst Promoters (or Stimulants). In contrast to catalyst poisons there 

a en“rte S ;med a caT S , ? iCh aCtlV3te S ° Hd Cata,yStS; ^ 

denum is used . Y Promoters or stimulants. For example, molyb- 
HabeT Process. Pr ° m ° ler '° the ,r ° n emplo > cd as a catalyst in the 
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CHEMICAL EQUILIBRIUM 

Assuming that temperature and pressure remain constant, a system is said 
to be in a condition of equilibrium when there is no variation in the 
distribution of substances in the various parts of the system. The equili¬ 
brium is termed stable if it remains unchanged by slight variation in any 
one of the imposed conditions, whilst the equilibrium is termed unstable 
if a slight change in any one of the imposed conditions gives rise to a 
pronounced modification of the system. In a study of equilibria it is 
conventional to distinguish between homogeneous systems and hetero¬ 
geneous systems. 


The Law of Mass Action and Chemical Equilibria in Homogeneous 

Systems 

In homogeneous systems all the reactants and products are phases of the 
same type. Chemical equilibria in such systems may be studied by the 
help of the Law of Mass Action. Considering the following reversible 
equation— 

xA + yB ^ mC 4- nD . . (4) 


as previously explained, the velocity of a homogeneous reaction is propor¬ 
tional to the molecular concentration of the reactants, so that as the reac¬ 
tion proceeds the concentrations of the reactants diminish, and therefore 
the velocity of the forward reaction is diminished. On the other hand, in 
a reversible reaction the products are capable of reacting to re-form the 
reactants. At first the concentration of the products is very small so that 
this reverse or backward reaction has a very low velocity, but as the 
concentrations of the products increase, so the velocity of the reverse 
reaction shows a corresponding increase. Ultimately the velocities of the 
forward and backward reactions are equal and there is no resultant change 
in the concentrations of either reactants or of products and the system is 
said to be in a condition of dynamic equilibrium. 

If the velocity of the forward reaction, 


t\ = k^AYlBY 

and the velocity of the backward reaction, 

= fc 2 lC] m lD] n 

then, at the equilibrium condition when i\ = v 2 , 

kJLAnBp = k 2 [CV n [D] n 

k [crop 


therefore 


K= = 


[A] X [BY 


the ratio of the two velocity constants, A^/A^, 
equilibrium constant, K. 


. (5) 

. ( 6 ) 

. (7) 

. ( 8 ) 

being known as the 
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Since the partial pressure of a gas in a gaseous mixture is proportional 
to its volume, and since from Avogadro’s hypothesis the volume of a gas 
in a gaseous mixture is proportional to its molecular concentration, it 
follows that the partial pressure of a gas is proportional to its molecular 
concentration. For the general reaction— 


xA -f yB ^ mC + nD 

the condition of equilibrium at any specified temperature is 





where p c m t p D n , p A x and p B v designate respectively the partial pressures 
at the equilibrium concentrations of the substances C, D, A and B 
lespectively. Although partial pressures are often expressed in terms of 
atmospheres this is not always the case and it should be noted that the 
numerical value of K v depends upon the particular units employed. 

When the concentrations are expressed in terms of molal concentrations 
gramme molecules per litre) the equilibrium constant is designated 

Siow c s- Expressed in words ’ equations (8) and (9) ma y be stated as 


At equilibrium the product of the molecular concentrations (or the 
Pf rtl . a P : assures in the case of gaseous substances) of the substances on 
the right-hand side of a chemical equation, divided by the product of the 
molecular concentrations (or the partial pressures in the case of gaseous 
substances) of the substances on the left-hand side of the equation is a 
constant, being known as the equilibrium constant. 


It should be noted that the reciprocals of the equations (8) and (9) are also 

constants but by convention the equilibrium constant is expressed bv 

p acing the concentrations of the products of a chemical reaction in the 
numerator ot the expression. 

evpr n! ny given system the forward and backward reactions proceed at 

rates n f rf? aS ec J ulhbnum is approached, in some systems the 

emnhasi^ , J T ar ^ XtremeI y slow - In this connexion it is important to 

not in a .f qU UK" 1 ex P ressions do not apply to systems which are 
has £ .. of equilibrium. One method of ensuring that equilibrium 

whichTnvb'm C ° nSIStS " a hea ' ing Up 006 S >" tC '" to the temperature at 

system to thk « , arC UndCr considera t' on » and in cooling another 

time at a 6 tem P eratur e after being maintained for an adequate 

■me at a higher temperature; if different relationships are found tobxist 

le rn^st TlT ^ to the Same '^P^ture then a ?o„ ge J 

accelerate 1 the reaction.' " altemativel y a means mu st be employed to 
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Influence of Temperature and Pressure on Chemical Equilibria 

The influence of changes of conditions on chemical equilibria may be 
predicted in a qualitative manner by means of the principle of mobile 
equilibrium known as the Le Chatelier-Braun Principle (sometimes termed 
simply the Le Chatelier Principle) which may be expressed thus— 

If a change occurs in one of the factors, such as temperature or 
pressure, under which a system is in equilibrium, the system will tend 
to adjust itself so as to annul, as far as possible, the effect of that change. 

Influence of Temperature Variation on the Position of Equilibrium. A 

consideration of the reversible reaction 

N 2 (g) 4- 3H 2 (g) ^ 2NH 3 ( < g) + 22 000 cal. . . (10) 

in conjunction with the Le Chatelier-Braun Principle indicates that in this 
exothermic reaction the raising of the temperature gives rise to adjustment 
within the system to drive down the temperature. This is effected by 
dissociation of some of the ammonia into nitrogen and hydrogen which, 
being an endothermic reaction, absorbs heat. Thus, in exothermic reac¬ 
tions the raising of the reaction temperature displaces the equilibrium 
towards the left, so that a lower product yield is obtained. In the specific 
case of ammonia quoted above, if maximum conversion of nitrogen and 
hydrogen to ammonia is to be effected it is clearly desirable that the reac¬ 
tion temperature must be as low as is compatible with a reasonable 
reaction rate. 

In an endothermic reaction the increasing of the reaction temperature 
gives rise to an increase in the equilibrium concentration of the products. 
Thus, in the endothermic reaction 

N 2 <*) + 0 2 (g) - 2NO( < g) - 43 200 cal. . . (11) 

the yield increases as the temperature rises. 

The Le Chatelier-Braun Principle thus only permits of a qualitative 
indication of the direction in which equilibrium will be displaced by 
variation in reaction temperature. The effect of temperature variation 
upon the equilibrium constant A' of a balanced chemical reaction was 
shown by van’t Hoff to be as follows— 

d\ogK = Qr_ (12) . 

where K = equilibrium constant, T = absolute temperature, Q v = heat 
of reaction at constant volume, and R = gas constant. This expression is 
known as the van’t Hoff isochore. Assuming that Q Vi the heat of reaction, 
is independent over a small range of temperature, this expression may be 
integrated thus— 

-Q v ( 1 l) 

4-576 \T 2 tJ 


logio K 2 - iog 10 ATj 


(13) 



CHEMICAL EQUILIBRIUM 


225 


where K x and K 2 are the equilibrium constants of the reaction at absolute 
temperatures T x and T 2 respectively and Q v is the heat of reaction expressed 
in gramme calories absorbed at constant volume. 

Influence of Pressure Variation on the Position of Equilibrium. In con¬ 
sidering the influence of pressure variation on the position of equilibrium 
in gaseous systems it is necessary to distinguish between those systems in 
which the number of molecules remains unchanged after the reaction has 
occurred, and those systems in which different numbers of molecules 
appear on the two sides of the chemical equation. 

Equilibria in Gaseous Systems where the Number of Molecules remains 
unchanged. A familiar example of this type of gaseous reversible systems 
is provided by the reaction— 


2H\(g) ^ H 2 (g) + \ 2 (g) • • • • ( 14 ) 

2x (a — x) (b — x) 


Consider that the initial volume of the system is V litres, the initial 
amount of hydrogen is a gramme molecules and that of iodine b gramme 
molecules, and that when equilibrium is attained there have been formed 
2x gramme molecules of hydrogen iodide; these concentrations are in¬ 
cluded below equation (14), above. The equilibrium concentrations of 
hydrogen, iodine and hydrogen iodide are therefore (a - xfV, (b - x)/V 
and 2x/V gramme molecules/litre respectively. Applying the Law of 
Mass Action to equation (14)— 



W 2 ] [/ 2 ] 
[Hlf ' 


and substituting values in this expression— 


05) 




( a — x ) (b — x) 
4x 2 


(17) 


whence 2x, the number of gramme molecules of hydrogen iodide at 
equilibrium, is given by— 


2x G + h ~ Vfl2 + b °~~ 

\~4K 


ab{ 2- 16/C) 



s ould be noted that the term V cancels out both from the numerator 
and denominator; it follows therefore that this particular equilibrium is 
no anected by changes in the volume occupied by the reacting gases, this 
reaction being thus independent of the pressure. This statement is true for 
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any homogeneous reaction in which the number of molecules on each side 
of the chemical equation is the same. 

Equilibria in Gaseous Systems where the Number of Molecules is changed. 
In accord with the Le Chatelier-Braun Principle, increase in pressure 
within a system favours those reactions giving rise to a decrease in volume. 
This is illustrated by the case of the dissociation of phosphorus penta- 
chloride. If initially there are a gramme molecules of phosphorus penta- 
chloride contained in a volume of, say, V litres, and that resulting from 
dissociation there are formed b gramme molecules of phosphorus tri¬ 
chloride, it follows from the equation that there must also be formed 
b gramme molecules of chlorine. 

PClsQr) ^ PCl 3 fc) + C\ 2 (g) . . . (19) 

(a — b) b b 

At equilibrium therefore the molecular concentration of phosphorus 
pentachloride will be {a — b)/V gramme molecules per litre, whilst those 
of phosphorus trichloride and chlorine are both b / V gramme molecules 
per litre. On application of the Law of Mass Action, the value of the 
equilibrium constant is as follows— 



b 2 

(a - b)V 



If the equilibrium constant K is to remain of constant numerical value, it 
follows, since the term V occurs only in the denominator of equation (20), 
that with increase in the value of V the greater must be the numerical 
value of the expression b 2 j{a — b); in other words, the greater the amount 
of dissociation b. Expressed in another way, reduction of pressure (without 
removing some of the reactants from the system) gives rise to an increase 
in the dissociation and conversely. Expressed in yet another way, decrease 
in pressure moves the position of equilibrium in the direction of increase 
in the number of molecules, that is, it favours dissociation. 

Influence on the Position of Equilibrium of Adding One of the Products 
of the Reaction. Referring again to the thermal dissociation of phosphorus 
pentachloride, 

PC\ 5 (g) ^ PCI 3 (g) + Cl 2 (g) 

(a — b) b b 

Assuming that at equilibrium there are (a — b) gramme molecules of 
phosphorus pentachloride and b gramme molecules of phosphorus tri¬ 
chloride and b gramme molecules of chlorine, and that the volume occupied 
by the system is V litres. From the Law of Mass Action it has been estab¬ 
lished that K = b 2 /(a— b)V. If to this system in equilibrium c gramme 
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molecules of chlorine are then introduced, the volume of the system being 
maintained constant, then the concentration of chlorine will be increased 
to {b + c) gramme molecules. In order that the numerical value of K 
shall remain constant the concentration of phosphorus trichloride must 
decrease and that of phosphorus pentachloride must increase. In other 
words, the dissociation will be retarded. In a similar manner the intro¬ 
duction of a high concentration of phosphorus trichloride into the system 
prevents the dissociation of phosphorus pentachloride. 

The physico-chemical principles discussed above apply equally to the 
system— 

3KCNS + FeCl 3 ^ Fe(CNS) 3 + 3KC1 . . (21) 

The application ol the Law of Mass Action to this system gives the 
equilibrium constant as follows— 


[Fe(CNS) ;{ ] [KC1] 3 
[FeCl J [KCNS] 3 


( 22 ) 


The addition of a saturated aqueous solution of potassium chloride 

causes a pronounced reduction in the intensity of the red colouration due 

to the ferric thiocyanate since there must be a reduction in the value of 

the molecular concentration of ferric thiocyanate in the numerator of 

equation (22) if the numerical value of K is to remain constant. Likewise, 

the addition of either ferric chloride or of potassium thiocyanate to the 

system leads to an intensification of the red colouration since the numerical 

value of the numerator must increase if the equilibrium constant K is to be 
maintained at a constant value. 

The following typical examples of chemical equilibria in homogeneous 

systems illustrate the importance of the factors discussed above. In 

examples (i), (ii) and (iii) the total number of molecules remains unchanged 

whereas a change in the total number of molecules is involved in examples 
(iv) to (V 11 ). * 


(i) The Synthesis of Nitric Oxide ( Birkeland-Eyde Process) 
involved in this synthesis is as follows— 


The reaction 


N 2 C?) + o 2 {g) ^ 2NOQf) - 43 200 cal. 

n ° ted fr ° m the e ^ uation that there are two molecules on each 

concentmHnn T 10 ! 1va ™ tlon in P ressure therefore does not affect the 
concentration of nitric oxide at equilibrium. 

region e . ° ther hand Since the reaction is endothermic in nature, rise in 
l in i temperature gives rise to an increase in the yield of nitric oxide 

Birkei r andEvd WOrk ' nS COndi ‘ ions the hi S h temperatures necessary in the 

data Mlustruf'c 316 ° bta ‘ ned by Usi "g an electric arc = the blowing 

temperSe ° Vanat, ° n ° f yidd ° f nitric -ide with varying 
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Table 40 

Synthesis of Nitric Oxide 


Temperature 

(°C) 

Equilibrium Percentage 
of Nitric Oxide 

1811 

0-37 

2033 

0-64 

2195 

0-997 

3000 

4-5 

3200 

5-0 


In actual practice the yield of nitric oxide never exceeds approximately 
2 per cent, since although the arc temperature is in excess of 3000°C, the 
gases pass rapidly through regions at a lower temperature so that the 
proportion of nitric oxide in the final gaseous mixture tends to correspond 
to the equilibrium composition at these lower temperatures. In actual fact, 
however, the gas velocity attained in practice is so high that very rapid 
cooling occurs and the new equilibrium corresponding to lower contents 
of nitric oxide has insufficient time to be attained. 

(ii) The Synthesis of Hydrogen Iodide. The synthesis and the thermal 
dissociation of hydrogen iodide has been studied by Bodenstein and his 
co-workers, whose results are given below in Table 41. 

Table 41 

The Reaction H 2 + I 2 ^ 2HI at 444°C 


Relative Partial Pressures 


Initial 

Equilibrium 

1 _ 

i 

1 

1 

p Hl (calc.) 

h 2 

I 2 

h 2 

I* 

HI 


2-94 

5-27 

0-13 

5-66 

47 

5-3 

7-94 

5-30 

3-18 

0-54 

9-52 

52 

9-3 


9-17 

1-40 

2-60 

13-34 

49 

13-4 

8-12 

14-44 

0-72 

7-03 

14-82 

43 

14-7 


Note : The partial pressures are relative values but this fact does not affect 
the value of K v . 

H 2 (g) + 1 2 (g) ^ 2HI (g) - 11 820 cal. 


. (23) 
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Table 41 shows that with various proportions of the two reactants hydro¬ 
gen and iodine the equilibrium constant, K , has a numerical value of 
approximately 48 at 444“C. The values of p B1 (calc.) given in column 
seven of Table 41 are obtained by introducing the value of K p (48 in this 
case) along with known values for the initial pressures of hydrogen and 
iodine (equivalent to a and b in equation (18)) and evaluating for 2x. It 
should be noted that these calculated values for 2x as given in column 

seven are in fair agreement with the observed pressures as given in 
column five. 

(iii) The Water-gas" Reaction. This reversible reaction is of con¬ 
siderable importance in industry. In equation form this reaction may be 
depicted as follows— 


C °2Qf) + H 2 (g) ^ CO(g) + HoO (g) 


(24) 


The equilibrium constant is 


fc — £co x Pu 2 o 

I\ p 

P CO X jP H 


■ (25) 


partial pressures being employed for the sake of convenience. From 
previous discussion it will be clear that this reaction is independent of 
pressure. The reaction is however endothermic in character, so that as 
the temperature rises the yields of carbon monoxide and water should 
increase; in other words, the numerical value of the equilibrium constant 
should increase with rising temperature. Typical values for K„ at various 
temperatures are given in Table 42. 


Table 42 

Variation with Temperature of the Equilibrium Constant 

for the “ Water Gas ” Reaction 


Temperature (°C) 

*p 

686 | 

0-534 

786 1 

0-840 

886 

1-197 

1005 

1-620 

1255 

2-68 

1324 

2-93 

1495 

3-83 


pen in im ? ustriaI practice to obtain a high yield of hydro- 

g this reaction, and this is effected by maintaining the temperature 


ZJU REACTION VELOCITY AND CHEMICAL EQUILIBRIUM 

at as low a point as possible. In addition, with the object of reducing the 
content of carbon monoxide in the gaseous mixture it is usual to employ 
an excess of steam. J 

(iv) The Synthesis of Ammonia (Haber Process ). The exothermic 
synthesis of ammonia from its component elements nitrogen and hydrogen 
is of considerable technical importance. 

N 2 (g) + 3H 2 (£) ^ 2NH 3 ( < g) + 22 000 cal. . . (10) 

1 vol 3 vols 2 vols 

From equation (10) it follows in the light of previous discussion that 
increase in pressure should favour moving the position of equilibrium in 
the direction of a decrease in the number of molecules—that is, it should 
favour the formation of ammonia. On the other hand, since the reaction 
is exothermic in nature, increase in reaction temperature leads to a reduc¬ 
tion in the yield of ammonia. Thus, in order to obtain the maximum 
conversion of nitrogen and hydrogen to ammonia it is essential to work at 
as low a temperature as is consistent with a reasonable reaction rate; 
normally a working temperature of approximately 500°C is employed; 
in addition it is usual to employ a catalyst with the object of accelerating 
the synthesis. Values for the equilibrium percentage of ammonia at 
differing temperatures and pressures are given in Table 43. 


Temperature 


Table 43 

The N 2 + 3H 2 2NH 3 Equilibrium 


Equilibrium Percentage of Ammonia 
(Volume percentage at pressures of) 


(°Q 

1 

atmos. 

100 

atmos. 

200 

atmos. 

1000 

atmos. 

200 

15-33 

80 6 

i 85-8 

1 

983 

300 

2-18 

52-1 

62-8 

92-6 

400 

0-44 

25-1 

36-8 

79-8 

500 

0*129 

10-4 

1 17-6 

57-5 

600 

0-049 

4-47 

8-25 

31-4 

700 

0-022 

2-14 

4-11 

12-9 

800 

0-012 

115 

2-24 


900 

0-007 

0-68 

1-34 


1000 

0 004 

: 

0-44 

0-87 



The maximum conversion of nitrogen and hydrogen to ammonia occurs 
when approximately stoichiometric proportions are employed. 

Effect of Pressure on Ammonia Synthesis. Suppose that initially there 
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are present 1 mole of nitrogen and 3 moles of hydrogen, and that * moles 
of nitrogen are converted into ammonia. 

N 2 (?) + 3H 2 (^) ^ 2NH 3 (a) + 22 000 cal. 

(1 - x) 3(1 - X) 2x 

At equilibrium therefore there will also be present 3(1 — x) moles of 
hydrogen along with 2x moles of ammonia. The total number of moles 
present at equilibrium is therefore— 


= (l-x) + 3(1 -x) + 2x 






Since the partial pressure of any particular molecule is proportional to 
the concentration of that molecule in a gaseous mixture, it follows that if 
the total pressure is represented by P, then the equilibrium constant, K„, 
may be evaluated thus— 



(27) 



0 - x )P x /3(1 — 

4-2* \ 4-2* / 


16*2(2 - *)“ 

27/ >2 (l - *) 4 .< 28 > 


If *, the fraction of nitrogen converted to ammonia, is small then 
equation (28) may be simplified thus— 




(29) 


In other words, under these latter conditions the fraction of nitrogen 
converted to ammonia is directly proportional to the total pressure P 
should be noted that this statement is in accord with the result to be 
expected from the Le Chatelier-Braun Principle, in that increase in pressure 
should tend to move the position of equilibrium in the direction of a 
ecrease in the number of molecules. It should also be noted from Table 43 
that at the higher temperatures the equilibrium percentage of ammonia at 
/ atmospheres is approximately twice that at 100 atmospheres. 

-Ay. T ! le Synthesis of Sulphur Trioxide (Contact Process). The formation 
1 sul P hur trioxide by the exothermic reversible reaction between sulphur 
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dioxide and oxygen serves as another illustration of the application of 
the Law of Mass Action. This reaction is of great importance as an 
industrial method for the manufacture of sulphuric acid (see p. 755). The 
equation for this reaction is as follows— 

SO^) + JO 2 (g) ^ S0 3 (^) + 93 900 cal. . . (30) 

The application of the Law of Mass Action to this reaction gives for the 
equilibrium constant K v — 

= - PS °\- ■ ■ • (3D 

Pso, x Pd , p SOt X Vp 0t 

Since this reaction is exothermic in nature the yield of sulphur trioxide 
will decrease with an increase in the reaction temperature; in other words, 
the numerical value for the equilibrium constant will decrease with rising 
temperature; this is illustrated by the data given in Table 44. 


Table 44 

Variation of K v with Temperature for the Reaction 

so 2 + jo 2 ^ so 3 


Temperature (°C) 

528 

579 

627 

680 

727 

789 

832 

897 

Kp 

31-3 

13-8 

5*54 

3-24 

1-86 

0-96 

0-68 

0-36 


In order that as large a yield of sulphur trioxide as possible may be 
obtained, the numerical value of K v should obviously be as large as 
possible; in other words, the operating temperature should be as low as 
possible. However, since under these conditions the reaction rate is very 
slow it is customary to employ a catalyst to accelerate the reaction and 
permit of equilibrium conditions being obtained more rapidly. By this 
means a moderate temperature of approximately 450°C may be employed. 
Although increase in pressure gives rise to an increase in the yield of 
sulphur trioxide the effect is not great so that in technical practice 
advantage is not taken of this fact. Using equation (31) the following 
important results may be deduced. 


Initial amounts in molecules = 

Equilibrium amounts in mole- _ 
cules — 

Total number of molecules _ 
present at equilibrium 


so 2 + iOo ^ so 3 
1 i 0 

(1 - x) 4(1 - x) X 

H - \x 

3 — x 


2 
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Partial pressures (if P is 

the 2(1 - x)P (1 - x)P 

2 xP 

total pressure) 

3 — x 3 — x 

3 - x 

Therefore, since 

JS _ P so. 

• (31) 

A /> /— 

P SOa X V Pq m 

On introducing partial 

K n — x .- 

• (32) 

n p /- 

(1-Jf) \~ x p 

V 3 — x 

pressures as given above 



From equation (31) it may be deduced that an increase in the concentration 
of oxygen will increase the yield of sulphur trioxide if the numerical 
value of K v is to be kept constant. On the other hand, if the yield of 
sulphur trioxide is already good (i.e. if the value for x is close to unity) 
then it will be noted from equation (32) that the partial pressure of the 
oxygen in the equilibrium mixture exerts an influence determined not by 
its concentration, but by the square root of its concentration. 

(vi) Dissociation of Nitrogen Tetroxide. The dissociation of nitrogen 
tetroxide provides another example of gaseous equilibrium to which the 
Law of Mass Action may be applied. 

N 20 .i(g) ^ 2NO 2 (g) . . . (33) 

(1 - x) 2x 

Increase in pressure will decrease the degree of the dissociation. Since 
the dissociation reaction is endothermic in nature, increase in reaction 
temperature should favour dissociation; this is found to be the case, the 
equilibrium constant increasing in numerical value with rising temperature. 
If initially there is one gramme molecule of nitrogen tetroxide, and if at 
the equilibrium position a fraction * g.mol. is dissociated, then at this 
equilibrium position there will be (1 — x) g.mol. of nitrogen tetroxide 
and 2x g.mol. nitrogen peroxide. The total number of gramme molecules 


1 ~ A ‘ + 2x = 1 + x g.mol. . . . (34) 

If the pressure within the system be maintained constant then the volume 
occupied by the system at the equilibrium position will be (1 -f x) times 
as great as that it occupied before dissociation had occurred. Conversely, 

the density will be lowered by the factor — j—. Taking the density of 

nitrogen tetroxide to be 46, then the density of the equilibrium mixture is 
given by the following expression— 


Density of equilibrium mixture = d =- 

1 + x 

Hence, the degree of dissociation — x = —-- 

d 



(36) 
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(vii) Dissociation of Phosphorus Pentachloride. Using the method 
described above the degree of dissociation of phosphorus pentachloride 
may be evaluated. The reaction involved is as follows— 

PCl.(f) ^ PCI 3 Cg) + C\ 2 {g) . . . (19) 

(1 - AT) x X 

Suppose that initially there was one gramme molecule of phosphorus 
pentachloride and that resulting from dissociation a fraction of x g.mol. 
dissociated. In the equilibrium mixture there will, therefore, be (1 — x) 
g.mol. of phosphorus pentachloride, x g.mol. of phosphorus trichloride 
and x g.mol. of chlorine; the total number of gramme molecules present 
in the equilibrium mixture is thus— 

(1 — x) -f x + * 


= \ + x g.mol.(37) 

From previous discussion in the case of nitrogen tetroxide above, it 
follows that if the density of PC1 5 be taken as 104-2— 


Density of equilibrium mixture 


104-2 

1 + * 



Therefore the degree of dissociation x = 


104-2 — d 
d 



Equilibria in Homogeneous Liquid Systems 

The Law of Mass Action is applicable not only to homogeneous gaseous 
systems, but also to homogeneous liquid systems. One of the best known 
examples of such homogeneous liquid equilibrium is provided by the 
reaction between ethyl alcohol and acetic acid— 

C 2 H 5 OH + CHgCOOH CH 3 COOC 2 H 5 + H 2 0 . (40) 

a- x b- x X C + x 

ethyl acetate and water being formed. 

If initially there are a g.mol. of ethyl alcohol, b g.mol. of acetic acid, 
and c g.mol. of water all contained within a volume F, and if at equilib¬ 
rium x g.mol. of ethyl acetate are formed, then the equilibrium 
concentrations of the four substances will be as follows— 

Ethyl alcohol a — x/V 
Acetic acid b — x/V 
Ethyl acetate x/V 
Water c -f- x/V 

Applying the Law of Mass Action— 

= [CH 3 COOC 2 H 5 ] [HoO] _ x(c + x) 

[C 2 H 5 OH] [CH 3 COOH] ~ (■ a - x) {b - x) 


. (41) 



CHEMICAL EQUILIBRIUM 


235 


Starting with one gramme molecule each of the alcohol and the acid 
respectively and no water, it has been found that the number of gramme 
molecules of the ester is 0-667. Introducing these values (i.e. a = 1, 
b — 1, c = 0, x = 0-667) in equation (41) above— 



0-667 2 „ 

(H3? = 40 


(42) 


Table 45 gives some values for the amounts of ester produced by the 
interaction of differing amounts of alcohol with one gramme molecule of 
acid. In this case b = 1 and c = 0, therefore— 


On multiplying out, 



(a - x) (1 - x) 


3x 2 — 4(a + 1)* -f 4a = 0 



Therefore * = |( 1 + a - Vl - a + a 2 ) . . . ( 44 ) 

The figures given in column five in Table 45 have been calculated by means 

of equation (44). The agreement between the observed and calculated 
values should be noted. 

Table 45 


The Acetic Acid—Ethyl Alcohol—Ethyl Acetate — 

Water Equilibrium 


Initial g.mol. of 

Equilibrium 
g.mol. 
of Ethyl 
Acetate 

K 

g.mol. 
of Ethyl 
Acetate 

Acetic Acid 

Ethyl Alcohol 

b 

a 

x (observed) 


x (calculated) 

1-0 

0-18 

0-171 

3-9 

0-171 

1*0 

0-33 

0-293 

3-3 

0-301 

1-0 

0-50 

0-414 

3-4 

0-423 

1-0 

1 A 

100 

0-667 

4-0 

0-667 

1*0 

1 A 

| 2-00 

0-858 

4-6 

0-850 

1-0 

8-00 

| 

0-966 

3-9 

0-970 


Since this reaction proceeds without the liberation or the absorption of 

appreciable quantities of heat it may be deduced from the Le Chatelier- 

Braun Principle that the composition of the equilibrium mixture will not 

e attected greatly by variation in the temperature of the system. This has 
neen verified experimentally. 
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The Application of the Law of Mass Action to Heterogeneous Systems 

Although in the foregoing discussion the Law of Mass Action has only 
been applied to homogeneous systems in equilibrium, this law may also be 
applied to heterogeneous systems in a state of equilibrium provided that 
whenever a solid substance is involved in a chemical reaction its active 
mass is regarded as constant, irrespective of the amount of the substance 
present; in other words, it is assumed that the reaction involved occurs in 
one phase only. For example taking the well-known dissociation of calcium 
carbonate to illustrate the points involved— 

CaC0 3 (s) ^ CaO(s) + C0 2 (g) . . . (45) 

Assuming that this reaction occurs in the gaseous phase and that the 
active masses of calcium carbonate and calcium oxide are constant— 



[CaO] [CP 2 ] 
[CaC0 3 ] 

k' x p co% 


(46) 

(47) 


where p C o , = the partial pressure of the carbon dioxide, k' = the constant 
active mass of calcium oxide in the gas phase, and k'' = the constant 
active mass of calcium carbonate in the gas phase. 

k" 

Thus p COt = y x K .(48) 


That is p COi = a constant.(49) 

The truth of this relationship is borne out by the experimental fact that 
at any given temperature the pressure of carbon dioxide, in equilibrium with 
calcium carbonate and calcium oxide, is a constant and independent of 
the relative amounts of these two solids. Thus, this system exists in a 
condition of equilibrium at any given temperature when a definite pressure 
of carbon dioxide exists. 

Similarly in the case of the reaction— 

C0 2 (^) + C(s) ^ 2CO(g) . . . (50) 

it may be deduced that for a condition of equilibrium to exist at any given 
temperature the ratio p 2 colpco t is a constant. This ratio may therefore 
be taken as the equilibrium constant, that is— 

.(51) 

Pco t 

This reaction is endothermic in character and the equilibrium constant 
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therefore increases as the temperature rises; this is shown in the data 
given in Table 46. 

Table 46 

The C0 2 ~r C ^ 2CO Equilibrium 


{after Rhead and Wheeler) 


Temperature 

°C 

Percentage 

CO 

Percentage 

co 2 


850 

93*77 

6*23 

14*11 

900 

97*78 

2*22 

43*07 

950 

98*68 

1*32 

73*77 

1000 

99*41 

0*59 

167*5 

1050 

99*63 

0*37 

268*3 

1100 

99*85 

015 

664*7 

1200 

99*94 

0*06 

1665*0 


It should be noted therefore that at any given temperature, equilibrium 
is only possible when there exists a definite pressure of carbon dioxide. 
This is precisely the result which is obtained by the application of the 
Phase Rule. 

Activity of Solutes. In general, if molecular concentrations are em¬ 
ployed to represent the active masses of the components, the Law of Mass 
Action cannot be applied without modification to reactions occurring in 
solution. This is due to the fact that in such cases the numerical value of 
the equilibrium constant exhibits considerable variation. With the object 
of obtaining agreement with the Law of Mass Action it is conventional 
to substitute for molecular concentrations the so-called “activities” of 
the various components. The relationship of activity and molecular 
concentration is shown by the following expression— 

a = cf .(52) 

where a — activity, c = molecular concentration, and f = activity 
coefficient. 

The activity coefficient /is the factor by which the molecular concentra¬ 
tion must be multiplied if the Law of Mass Action is to be obeyed. 



CHAPTER 12 


ELECTROCHEMISTRY 

ELECTROLYTIC CONDUCTION 
Electrical conductors may be divided into two well-marked classes— 

(a) Electronic conductors, and 

(/>)■ Electrolytic conductors or electrolytes. 

The electrical conductivity of electronic conductors is due to the 
presence of free electrons which serve as current carriers. A metal, a 
typical electronic conductor, is regarded as a three-dimensional assembly 
of positively-charged metal ions and the corresponding free electrons. 
Electronic conductors conduct electricity without suffering any permanent 
change. 

Electrolytic conductors are distinguished from electronic conductors in 
that in the former the passage of an electric current is accompanied by a 
chemical reaction (or reactions) and the transfer of matter. An electrolyte 
however, although containing positive ions like a metal, also contains 
negative “ions” instead of free electrons as present in a metal. The 
positive ions present in a metallic salt are often metal atoms—but maybe 
radicals—which have lost one or more electrons, the number of electrons 
lost corresponding to the valency of the metal or the radical. The negative 
ions are either non-metal atoms or acid radicals which have gained one or 
more electrons, according to their valencies, from the metal atoms or the 
positive radicals. 

In the solid or crystalline state most salts are composed entirely of an 
assembly of ions, and as such may be regarded as non-conductors from 
the electrical point of view. However, when such a salt is melted, or when 
it is dissolved in water or some other similar solvent, the rigid lattice 
structure breaks up, the ions gaining an independence of movement so that 
under the influence of a potential difference the positive ions migrate in one 
direction, and the negative ions in another. On account of the absence 
of free electrons in metallic salts, the passage of an electric current either 
through a fused salt, or through a solution of a salt, is due entirely to the 
migration of the positive and the negative ions. 

The number of electric charges possessed by an ion and corresponding 
to its valency is indicated by writing as an index one or more positive or 
negative signs after the chemical symbol for the element or the radical 
concerned according as to whether the ion is either positive or negative in 
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character. Thus, Na + depicts the monovalent sodium ion. Cl' the mono¬ 
valent chloride ion, S0 4 " the divalent sulphate ion, and Cu ++ the divalent 
cupric ion. Sometimes, for ease of printing, a dot is used to indicate 
each positive charge, thus Na*, Cu'\ 

In the case of electrolytes which exhibit an ionic structure in the solid 
state, the solution of the salt in a suitable solvent results in the pushing 
apart of the ions by the molecules of the solvent and the variations in the 
conductivity of such electrolytes are considered to be due to variations in 
the “activity” of the ions, resulting from the mutual attraction of oppositely 
charged ions which gives rise to a modified distribution of ions in the 
solution. In strong solutions there exist ionic doublets formed by the 
tendency of oppositely charged ions to cling together in pairs. Thus 
although ionization may be complete, dissociation is incomplete except in 
very dilute solutions. Typical examples of compounds which behave in 

this manner include the majority of metallic salts and the metallic 
hydroxides— 

K+cr ^ k + + cr 

Na+OH' ^ NaM- OH' 


Ca + + Cl 2 ^ Ca 4 -* + 2Cl' 

On the other hand, there are certain electrolytes which form real molecules 
in which the opposite electric charges of the ions are neutralized by one 
another, chemical bonds uniting the radicals of the ions. In such cases, 
molecules as well as ions are capable of existence in solution, particularly 
in strong solutions, the progressive increase in the ionization of such 
electrolytes with increasing dilution being due to electrolytic dissociation 
of the electrically neutral molecules. Such compounds, which are said to 
exhibit reversible ionization , include the acids which form real molecules 
capable of ionization by contact with water to form the hydroxonium ion 

HCl + H 2 0 ^ H 3 0+ + Cl' 

H 2 S0 4 + 2H a O ^ 2H :i O ' + SO.," 


Certain metallic salts (e.g. mercury salts) have also been shown to have a 
molecular structure in the solid state instead of an ionic structure. 

tlectrolytes may be classified according to the number and the valency 
ot the 10 ns produced. Thus sodium chloride and copper sulphate may both 
be termed binary electrolytes since one molecule of each of these compounds 
is capable of producing two ions. On the other hand, in the case of sodium 
chloride both the 10 ns produced are univalent so that this compound may 

two hfvnlP a lml ' m ! ,valent electrolyte. Copper sulphate however yields 

of thp 1 10nS and S ° ‘ S Called a b, - blvalenl electrolyte. The valencies 

and Dotassi.mf ln th f °r der P osltiv e-negative. Calcium chloride 

and potassium sulphate are both ternary electrolytes since one molecule 
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of each yields three ions; the former of these compounds is bi-univalent , 
whilst the latter is uni-bivalent. 

ELECTROLYSIS 

Electrolysis is the passage of a direct electric current through an electrolyte 
by way of two electrodes which are electronic conductors. The electrode 
connected to the positive terminal of the supply is known as the anode , 

whilst that connected to the nega¬ 
tive terminal of the supply is 
known as the cathode. 

The positively-charged ions 
which under a potential differ¬ 
ence migrate to the cathode are 
termed cations ; whilst those which 
are negatively-charged and which 
migrate to the anode are termed 
anions (see Fig. 94). When an 
electric current passes from an 
electronic conductor to an electro¬ 
lyte, the transition from electrons 
to ions as current carriers involves 
the transference of electrons to 
or from ions, or atoms or groups 

Fig. 94. Passage of Electrical °, f alo ' Tls at ‘ he L interface of the 

Current through Electrolyte electrolyte and the electronic con- 

ductor. These electron transfers 
constitute chemical changes which, as stated above, are a necessary 
accompaniment of the passage of electricity through an electrolyte. 

The chemical reactions which take place at the surface of an anode are 
chemical oxidation processes, whilst those occurring at the surface of a 
cathode are chemical reduction processes. There are, therefore, in electro¬ 
lysis two separate and distinct types of chemical reactions—the anode 
reaction (or reactions), and the cathode reaction (or reactions). The 
essential chemical character of all electrode reactions in electrolysis may 
be explained in terms of the gain, or the loss of electrons by ions, or atoms, 
or radicals at the surfaces of the electrodes, followed in certain cases by 
secondary processes. 

On receiving electrons at the cathode the cations become atoms, or 
radicals as the case may be, and are discharged at the electrode surface. 
Similarly each anion yields electrons to the anode equal in number to its 
negative charge, becoming an atom or a radical in the process, and being 
discharged at the anode surface. Instead of being set free as atoms which 
may be collected in the molecular state as matter at the electrode 
surface, the ions on discharging at the electrode surface may give rise to 
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the production of primary products which may react, (a) with one 
another, (/>) with the electrode itself, or (r) with the electrolyte, to give 
secondary products. The following examples will serve to illustrate these 
phenomena. 

Electrolysis of Dilute Sulphuric Acid. A dilute solution of sulphuric acid 
contains hydrogen ions, sulphate ions and a small concentration of hydroxyl 
ions, OH', resulting from the electrolytic dissociation of water. 

H.,0 ^ H+ + OH' 

In an electrolyte containing a number of different ions undergoing 
electrolysis, the ion which is discharged first at an electrode is that having 
the lowest discharge potential , that is, the ion requiring the smallest e.m.f. 
for its discharge as a neutral atom or radical. The discharge potential of 
an ion is dependent upon the chemical composition and the physical 
nature of the electrode, and upon the concentration of the particular ion in 
the electrolyte. In the case of metals, the relative discharge potentials are 
in general agreement with the position of the metals in the electrochemical 
series; that is, the higher the position any given metal occupies in the 
electrochemical series, the higher the e.m.f. for its discharge at an electrode 
surface. 

On electrolysis of dilute sulphuric acid using platinum electrodes, 
hydrogen ions and hydroxyl ions are discharged, the former at the cathode 
and the latter at the anode. Hydroxyl ions are discharged in preference to 
sulphate ions since the former have a low'er discharge potential than 
sulphate ions. 

The electrolysis may be represented by the following— 

(A) Cathode reactions 

(i) H+ + e = H 

(ii) 2H = H 2 

(B) Anode reactions 

(i) OH' — e = OH 

(ii) 40H = 2H>0 + 0 2 ) 

The progiessive removal of hydroxyl ions causes more water molecules to 
dissociate in order to re-establish the equilibrium. The net result is the 
concentration of sulphuric acid in the electrolyte. 

Electrolysis of Sodium Chloride Solution. An aqueous solution of 
sodium chloride contains sodium ions and chloride ions from the salt, and 
hydrogen and hydroxyl ions from the w-ater. When electrodes of platinum 
or of graphite are employed hydrogen ions and not sodium ions are 
discharged at the cathode, the hydrogen ions having a lower discharge 
potential under these conditions. At the anode, chloride ions are 


l where e = an electron. 
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discharged, since they have a lower discharge potential than the hydroxyl 
ions. These electrode reactions are as follows— 

(A) Cathode reactions 

(i) H+ + e = H 

(ii) 2H = H 2 

( B ) Anode reactions 

(i) CY-e = Cl 

(ii) 2C1 = Cl 2 

Thus, the progressive removal of hydrogen ions causes more water 
molecules to dissociate so that ultimately the concentration of the hydroxyl 
ions attains that of the sodium ions; in other words, the sodium chloride 
has been converted into sodium hydroxide. 

If, instead of a carbon or a platinum cathode, a mercury cathode is 
employed, as in the Castner-Kellner cell (see p. 428), the discharge 
potential of the sodium ions is less than that of the hydrogen ions. Thus, 
sodium is liberated at the mercury cathode surface where it amalgamates 
with the mercury. This amalgam is decomposed by water in another 
compartment in which the amalgam constitutes an anode, the cathode 
being made of iron. The electrode reactions occurring in this cell are as 
follows. 

(A) Cathode reactions 

(i) H+ + e = H 

(ii) 2H = H 2 

The hydrogen ions quoted in (i) are provided by the dissociation of water— 

H 2 0 ^ H+ + OH' 

( B) Anode reaction 

Na — e = Na + 

After the decomposition of the amalgam, the solution contains sodium 
ions and hydroxyl ions in equivalent concentrations; in other words, 
sodium hydroxide is present. 

Electrolysis of Sodium Hydroxide Solution. When an aqueous solution 
of sodium hydroxide is electrolyzed between platinum electrodes, hydrogen 
ions and not sodium ions are discharged at the cathode because of the 
lower discharge potential of the former. Hydroxyl ions are discharged at 
the anode and interact with one another to form water and liberate 
oxygen. These electrode reactions may be depicted as follows— 

(A) Cathode reactions 

(i) H+ + e = H 

(ii) 2H = H 2 
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( B) Anode reactions 

(i) OH' — e = OH 

(ii) 40H = 2H 2 0 -f 0 2 


Thus the concentration of sodium hydroxide is progressively increased 
because of the removal of water as hydrogen and oxygen. 

Electrolysis of Copper Sulphate Solution. An aqueous solution of 
copper sulphate contains cupric ions, sulphate ions, hydrogen ions and 
hydroxyl ions. On electrolysis of such a solution between platinum 
electrodes, cupric ions are discharged at the cathode and this electrode 
becomes coated with metallic copper (it is in fact copper-plated). At the 
anode, because of the lower discharge potential, hydroxyl ions are dis¬ 
charged in preference to sulphate ions. The hydroxyl ions react with one 
another to form water and liberate oxygen. The progressive removal of 
hydroxyl ions in this manner causes more water molecules to dissociate, 
so increasing the concentration of hydrogen ions. The net result of this 
electrolysis, bearing in mind the progressive removal of cupric ions, is 
that the solution of copper sulphate is slowly transformed into a solution 
of sulphuric acid. The electrode reactions are as follows— 


(A) Cathode reaction 

( B ) Anode reactions 


Cu ; f + 2e = Cu 
(i) OH' - e = OH 


(ii) 40H = 2H 2 0 + 0 2 

If the anode is made of copper, copper atoms yield electrons and pass into 
solution as cupric ions— 

Cu — 2e = Cu ++ 


Neither hydroxyl ions nor sulphate ions are discharged at a copper anode 
since a higher e.m.f. is required in both these cases to efTect their discharge 
than is needed to remove two electrons from each of the copper atoms 
making up the anode. The progressive dissolution of a copper anode, and 
the deposition of metallic copper on a cathode in a copper-containing 
electrolyte, constitute the basis of the technical processes of electrolytic 
refining of copper and the electrodeposition (or electroplating) of 


Faraday’s l aws of Electrolysis 

The relationship between the quantity of electricity passing through an 
electrolyte and the quantities of substances liberated at the electrodes was 

discovered by Faraday whose results are usually stated as follows_ 

(1) The amount of chemical decomposition produced by an electric 
current, that is the amount of any substance deposited or dissolved. 
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is proportional to the quantity of electricity passing through the 
electrolyte. 

(2) The amounts of different substances deposited or liberated by the 
same quantity of electricity are proportional to their chemical equivalent 
weights. 

When a current of 1 ampere flows for 1 second the quantity of electricity 
which has passed is termed 1 coulomb. The coulomb is the unit of quantity 
of electricity. 

Faraday’s First Law may be confirmed by passing through any given 
solution different currents for various periods of time and determining the 
weights of material dissolved from the anode or deposited at the cathode; 
these weights will be found to be proportional to the quantity of electricity 
used. It is an experimental fact that when 1 coulomb of electricity is 
passed through solutions of copper sulphate, silver nitrate, and dilute 
sulphuric acid, the quantities of copper, silver, and hydrogen liberated 
at the three cathodes are respectively— 

Copper 0-32935 milligrammes 

Silver IT 18 „ 

Hydrogen 0010446 „ 

These quantities are termed the electrochemical equivalents of these 
elements. 

Faraday’s Second Law states that these weights, the electrochemical 
equivalents, are proportional to the chemical equivalent weights of the 
elements concerned. This statement may be tested by dividing the 
chemical equivalent weights by the corresponding electrochemical 
equivalents— 

Copper 31-79/0-00032935 = 96 494 coulombs 

Silver 107-88/0-001118 = 96 494 

Hydrogen 1-008/0 000010446 = 96 494 

Thus, the very important fact is derived that one gramme equivalent 
weight of any one of these three elements is liberated by the same quantity 
of electricity, namely 96 494 coulombs. In view of slight uncertainties 
such as the presence of small amounts of impurities, the accuracy of the 
units employed and the accuracy of the atomic weights of the elements in 
question, it is usual to round off the last two figures and to state that the 
passage of 96 500 coulombs of electricity will result in the deposition of the 
gramme equivalent weight of copper, silver, or hydrogen or any other 
element. This quantity of electricity is termed the faraday and is usually 
denoted by the symbol F. 

For engineering applications it is often useful to remember that the 
faraday, as well as being equal to 96 500 coulombs, is also equal to 
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26-8 ampere-hours. If a current of I amperes flows for t seconds, the 
number of coulombs passing is It coulombs, so that, by the application of 
Faraday’s Laws of Electrolysis, the weight of material liberated at the 
cathode will be ///96 500 gramme equivalent weights. If the equivalent 
weight of the substance in question is E, then the weight of the substance 
liberated will be ItE /96 500 g. 

The Measurement of Quantity of Electricity. The quantity of electricity 
employed in an electrochemical process may be determined by using an 
ammeter and noting the time for w hich the current flows, but this procedure 
tends to be inaccurate and is often inconvenient. The exact measurement 
in the laboratory of the quantity of electricity used in an electrochemical 
process may be made by the use of a coulometer. 

There are various types of coulometer but the most accurate is probably 
the silver coulometer. This instrument simply consists of a small platinum 
basin in which a solution of silver nitrate is electrolyzed under carefully 
controlled conditions. The platinum basin serves as the cathode whilst a 
small piece of pure silver foil acts as the anode. From the weight of the 
silver deposited on the platinum basin the numerical value of the product 
It may be evaluated by means of the expression— 

ItE 

%500 = we, S ht of silver deposited (in grammes) . (1) 


where It — the quantity of electricity flowing through circuit, and E = 
equivalent weight of silver (i.e. 107-88). 

For many laboratory applications the copper coulometer is used instead 
of the silver coulometer. The copper coulometer contains an acidified 
solution of copper sulphate with a small quantity of either ethyl alcohol 
or tartaric acid to prevent oxidation of the deposited copper. The numerical 
value of the product It is evaluated in the same manner as described above 
lor the silver coulometer, except that the equivalent weight of copper is 
employed instead of the equivalent weight of silver. 

The faraday is the quantity of electricity carried by one gramme equiva¬ 
lent weight of any univalent ion; but if the valency of the ion is z, then the 
coiresponding gramme ion must contain z gramme equivalents and must 
herefore, carry a charge of zE coulombs, where E = one faraday. Thus’ 
the quantity ol electricity carried by an ion is the same for all ions of the 
same valency and is proportional to the valency. Now a univalent positive 
ion of an element is an atom or a radical which has lost one electron and 

electron ne , ga ! 1Ve K n i f an at ° m ° r 3 radical which has gained an 
ha . , Slmilarl y> a bivalent positive ion is an atom or a radical which 

has lost two electrons, and so on. The number of atoms in the gramme 
assnr' C w ?*2 ht of a » elements is the same so that the number of efectrons 

element*^ clcctrol >' sls w »th the gramme equivalent weight of any 
ement, irrespective of its valency, is the same. Therefore if e is the 
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charge on the electron and F the quantity of electricity carried by N atoms 
in the gramme ion, where N is the Avogadro Number, then— 

Ne = F .(2) 

= 96 500 coulombs 

This expression may be employed to determine the numerical value of the 
Avogadro Number— 

Ne = 96 500 coulombs 

= 9650 electromagnetic units 
= 9650 x 2-998 x 10 10 electrostatic units 

where 2-998 x 10 10 = velocity of light in centimetres per second. 

_ 9650 x 2-998 x 10 10 
~ 4-774 x 10- 10 

where e = charge on electron = 4-774 x 10 -10 electrostatic units. 
Therefore N = 6-059 x 10 23 

The Mechanism of Electrolytic Conduction 

Van’t Hoff (1885) pointed out that theoretically and practically the Gas 
Laws are approximately applicable to dilute solutions of organic solutes, 
although this generalization does not hold for electrolytes. Thus, if one 
gramme molecule of solute is dissolved in V litres of solvent, then the 
osmotic pressure P of the solution at absolute temperature T is given by 
the expression— 

PV=RT .(3) 

where R — the gas constant. 

In the case of electrolytes, the value of the osmotic pressure calculated 
by means of equation (3) is always greater than P, sometimes being greater 
than 2 P, although a value of 3 P has never been attained experimentally. 
It will be recalled (see p. 158) that similar anomalies are also found in the 
lowering of vapour pressure, depression of the freezing point, and elevation 
of the boiling point, since all these properties are fundamentally connected 
with osmotic pressure. To overcome this difficulty van’t Hoff introduced 
the empirical factor i into the Gas Law equation (3). This factor, often 
known as the van’t Hoff factor or coefficient, varies with the concentration 
of the solution. The amended Gas Law equation therefore becomes— 

PV=iRT .(4) 

Noting the significance of van’t Hoff's results, Arrhenius (1887) proposed 
his Theory of Electrolytic Dissociation in which he suggested that when 
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an electrolyte is dissolved in water, a considerable portion of the solute is 
spontaneously dissociated into positive and negative ions; that is— 

AB ^ A + 4- B' 


and these ions, each being capable of independent movement, migrate 
under the influence of an applied potential to electrodes of opposite 
electrical sign. The proportion of the molecules which dissociated into 
ions was considered to vary with the concentration of the solution, the 
fraction of the total electrolyte split up into ions, that is, the degree of 
dissociation , being thought to approach unity at infinite dilution. In other 
words, at extreme dilution the whole of the electrolyte was considered to be 
completely dissociated into ions. 

Suppose each molecule of an electrolyte when it dissociates yields 
v ions. Then, if a solution contains a total of m molecules in a given volume, 
and a is the fraction dissociated (i.e. the degree of dissociation), there will 
be present iv?ia ions and />/(l — a) undissociated molecules. Thus, the 
total number of particles present is m{ 1 — a 4- t*a). Now, the van’t Hoff 

factor, /, is given by the ratio of the observed to the calculated osmotic 
pressure, thus— 

. __ Observed osmotic pressure /_ Observed boiling-point elevation 
Calculated osmotic pressure y Calculated boiling-point elevation 

= Observed freezing-point depression Observed effect 

Calculated freezing-point depression Calculated effect 

Therefore, the osmotic pressure of a solution (like gas pressure) is 

propoitional to the number of individual particles in a given volume* 
that is— 

. __ Number of particles present 

Number of particles which would have been 
present if dissociation had not occurred 

_ m{ 1 — a vex.) 
m 



and 


= 1-a + i'a 


/ - 1 

a = - 

v — 1 



The value of the van’t Hoff factor / may be evaluated from measurements 
ot osmotic pressure, depression of the freezing point or elevation of the 

oiling point, whilst the numerical value of v is obtained by inspection of 
the formula of the solute. 

By means of equation (5) Arrhenius calculated, for various electrolytes 
at a number of concentrations, the numerical value of a which he considered 

9— ( I .447) 
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to be the degree of dissociation. He also calculated the numerical value 
of a from measurements of the electrical conductance of the same solutions. 
Although Arrhenius regarded the concordance between the two series of 
results as satisfactory evidence for his Theory of Electrolytic Dissociation, 
it is now considered that this agreement is largely coincidental. 

The Conductance of Electrolytes. Electrolytes, like electronic conductors 
obey Ohm’s Law, except under such abnormal conditions as those in¬ 
volving very high voltages and/or very high frequency alternating currents. 
The conductance of an electrolyte is calculated from measurements of its 
resistance. 

A current flowing through a conductor under the influence of a constant 
e.m.f. is inversely proportional to the resistance of that conductor. If the 
resistance of the conductor is denoted by R, then the quantity \/R is a 
measure of its conducting power, this quantity is called the conductance. 
Whilst resistances are usually expressed in ohms, conductances are quoted 
in reciprocal ohms or mhos. 

The resistance R of any conductor varies directly as its length, and 
inversely as its area— 

R = .(6) 

a 

where / = length of conductor in centimetres, a = cross-sectional area of 
conductor in square centimetres, p = a constant for any given conductor 
known as specific resistance or resistivity. The specific resistance of any 
given conductor is the resistance in ohms of a specimen of the material, 

1 cm long and 1 cm 2 in cross section. In other words, the specific resistance 
p of a conductor is the resistance of a centimetre cube. 

If the conductance C = — 


then the specific conductance, 


K 


= - (in reciprocal ohms) 



Therefore, (6) may be rewritten— 



ko 


and, the conductance. 



Ka 

T 


(reciprocal ohms) 


( 8 ) 

(9) 


The conductance of an electrolyte varies with its concentration, and with 
the object of making allowance for this effect it is usual to make compari¬ 
sons of the “equivalent conductance.” The equivalent conductance, A v 
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at the dilution v is a measure of the conducting power of all the ions 
resulting from the dissociation of 1 gramme equivalent weight of the 
solute when present in a volume of v millilitres of solution. 


Since 




then, if / is 1 cm, the volume of v ml of solution will occupy an area of 
v cm 2 of the two electrodes, so that— 



( 10 ) 


and if c is the concentration of the solute in gramme equivalents per litre, 
then— 



1000k: 

c 


(ID 


Expressed in words, the equivalent conductance is numerically equal to 
the product of the specific conductance and the volume in millilitres con¬ 
taining one gramme equivalent weight of the solute. In a similar manner, 
the “molecular conductance'’ (or molar conductance),//, may be shown to 
be equal to the product of the specific conductance and the volume in 
millilitres containing one gramme molecular weight of solute. 

It should be noted that for uni-univalent electrolytes the values of A 
and n are identical since the gramme equivalent weight and the gramme 
molecular weight are the same. In the case of uni-bivalent and bi-univalent 
electrolytes the equivalent conductance is half the molecular conductance 
since the equivalent weight of such compounds is half the molecular 
weight. 

The Experimental Determination of Electrolytic Conductance. The con¬ 
ductance of an electrolyte is generally determined experimentally by 
means of a circuit involving a Wheatstone bridge. If a direct current 
supply is used for the bridge the electrodes of the cell containing the 
electrolyte under examination are said to become polarized in that the 
products of the electrolysis collect at the electrodes and set up a back 
e.m.f. which has the effect of increasing the apparent resistance of the 
electrolyte. With the object of overcoming such sources of error due to 
polarization it is usual to employ an alternating current supply for the 
bridge circuit and by means of this technique the polarization set up by 
each current pulse is neutralized by the next pulse. The alternating current 
supply may be provided by a small induction coil, although a small valve 
oscillator is to be preferred. 

The general arrangement of the apparatus is shown diagrammatically 
in Fig. 95, in which A is the cell containing the electrolyte under investiga¬ 
tion, B is a resistance box, XZ is a uniform graduated resistance wire, and 
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D is the current detector which may either be an a.c. galvanometer, or a 
telephone receiver, or alternatively the output from the points a and b 
(Fig. 95) may be connected through a triode valve to a “Magic Eye” 
tuning indicator (a miniature cathode-ray oscilloscope). This latter method 
of current detection is probably the most sensitive. 

The source of alternating current is connected to the bridge network at 
the points X and Z and the resistance of B varied in conjunction with 

adjustment of the contact Y on the 
slide wire XZ until the position of 
minimum current is obtained as in¬ 
dicated by D\ this will be minimum 
deflection in an a.c. galvanometer, 
or minimum sound in a telephone 
receiver, or minimum area of fluor¬ 
escence in a “Magic Eye” tuning 
indicator. When examining electro¬ 
lytes of low conductance a sharp 
point of balance is difficult to obtain 
unless the electrostatic capacity of 
the cell A is compensated for in the 
opposite arm of the bridge by means of 
a small variable condenser C. The re¬ 
sistance B should be of such magnitude 
that the bridge is balanced when the contact Y occupies a position 
as close as possible to the mid-point of XZ. When these conditions 
obtain, then— 

T he resist ance of A _ The length XY 
The resistance of B The length YZ 

Therefore, 

The resistance of A = I he len g th XY X The resistance of B 

The length YZ 

Conductance Cells. Although various types of conductance cells have 
been employed for conductance measurements, the simple type of cell as 
shown in Fig. 96 is satisfactory for most purposes. The cell itself is made 
either of chemical resistance glass or of fused silica. The electrodes are of 
platinum foil, fixed rigidly with respect to one another; with the object of 
minimizing the effect of polarization the electrodes are often coated with 
platinum black. This is usually deposited by electrolysis of a 3 per cent 
aqueous solution of chloroplatinic acid, each of the electrodes being made 
alternately anode and cathode. When examining certain electrolytes, 
platinized electrodes cannot be used since platinum black may catalyze 
the decomposition or oxidation of the electrolyte. 



Fig. 95. Circuit for Determination 
of Electrolytic Conductance 
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Conductance Water. In making up solutions for submission to conduc¬ 
tance measurements it is necessary to use specially pure water known as 
conductance water. The purest water, known as “ultra-pure water” has a 
specific conductance of 0 05 x 10 -6 mhos at 18 c C but this water is exceed- 
ingly difficult to maintain pure and is only necessary for the most precise 
work. For most determinations, however, a sufficiently pure water 
can be prepared by re-distilling good distilled water, to which has been 




T = Glass tubes with 

platinum electrodes sealed 
to end 

G = Chemical resistance glass 
or fused silica vessel y 

M c Globule of mercury to 
permit of contact being 
made to electrodes 

£- Platinum electrodes 



Fig. 96. Conductance Cell 


added a little potassium permanganate, in a still constructed of chemical 

resistance glass. Alternatively it may be prepared by the use of de-ionizing 

resins {see p. 512). Such water, which has a specific conductance of 

0-8 x 10 G mhos at 18^C, due chiefly to dissolved carbon dioxide, is known 
as equilibrium water. 

The Cell Constant. 

Since R = L ,ox 


/ 

K = - 

aR 


( 12 ) 


where / = the distance apart of two similar electrodes and a = the area of 
cross-section of each electrode. 

The quantity, //a is called the cell constant. The cell constant mav be 
determined by direct measurement of / and a , but this is rarely done since 
it is possible to evaluate this quantity by measuring the resistance of a 
solution of known specific conductance (e.g. potassium chloride) If a 
given aqueous solution of potassium chloride of specific conductance k-„ is 
placed in the conductance cell and its resistance by measurement is found 
to be R then by equation (12) above, it follows that the cell constant K 
is equal to k 0 R 0 . If the resistance of any other electrolyte is found bv 
measurement to be R x when using the same conductance cell, then the 
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Fig. 97. Variation with Concentration of Equivalent Conductance 
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specific conductance of this electrolyte is K/R x . Thus, on multiplying the 
value of the specific conductance so obtained by r, the volume of solution 
in millilitres containing one gramme equivalent weight of the electrolyte 
under investigation, the equivalent conductance A „ is evaluated. 

The Results of Conductance Measurements. It is found experimentally 
that although with decreasing concentration the conductance of an electro¬ 
lyte becomes progressively smaller, the values of the equivalent conductance 
and the molecular conductance increase as the concentration decreases 

until a maximum limiting value is finally attained. Some typical values 
are given in Table 47. 

Table 47 


Typical Values of Equivalent Conductance {after Glasstone ) 

{in reciprocal ohms) 


Concentration 
of Electrolyte 
(g equiv/litre) 

HC1 

KOH 

NaCl 

‘ jk 2 so 4 

1 

JCuS0 4 

CH 3 .COOH NH.OH 

* 

I 

0 001 

377-0 

234 

106-3 

126-7 

98-4 

41-0 28-0 

0 002 

375-5 

233 

105-3 

124-4 

91-8 

30-2 20-6 

001 

369-3 

228 

101-7 

115-6 

71-6 

14-3 9-6 

005 

357-6 

218 

95-5 

101-8 

511 

6-48 4-6 

01 

350-1 

213 

91-8 

94-8 

43-8 

4-60 3-3 

0-2 
✓V fm 

341-5 

207 

87-5 

87-8 

37-6 

3-24 2-30 

0-5 

326-6 

197 

80-8 

78-3 

30-7 

2-01 1-35 

10 

300-5 

184 

74-2 

71-5 

25-7 

1*32 0-89 


The results for four electrolytes have been plotted in Fig. 97 and it will be 
noted that in the case of potassium hydroxide and sodium chloride the 
variation of equivalent conductance with concentration is not very lar L >e- 

^L P ^ en ? me ?° n 1S exhlblted b >' all strong acids, strong bases, and most 
salts. Such substances are known as strong electrolytes. On the other hand 

m the case of ammonium hydroxide and acetic acid the equivalent con- 

frat^n 06 / 3 S ^ WUh lncreasin g concentration until at a concen¬ 

tration of one gramme equivalent per litre the value of the equivalent 
conductance is very low indeed. All weak acids and weak baLHeseS 
ammonium hydroxide and acetic acid in these resnects Snrh c k 

"!«™ d *<«>'«.. K is ,o be SSL." 

rfe . 
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involves the extrapolation to zero concentration of values for the equiva¬ 
lent conductance of dilute solutions. This may be done by plotting values 
for the equivalent conductance against the square root of the concentration 
since this plot gives a straight line at low concentrations. In the case of 
weak electrolytes this extrapolation technique does not permit of the 
evaluation of A 0 with sufficient precision and use has to be made of ion 
conductances as described on p. 256. 

The Conductance Ratio. The conductance of an electrolyte depends not 
only upon the actual number of ions present, but also upon the velocity of 
these ions, that is the ease with which they pass through the solution. 
Arrhenius assumed that the velocities of ions are constant so that the only 
reason for increase in equivalent conductance with decreasing concentra¬ 
tion must be the production of more ions, until at infinite dilution he 
suggested that the electrolyte was completely dissociated. From these 
assumptions Arrhenius suggested that the degree of dissociation was 
given by— 


Degree of dissociation, a = 


Ac 

Ao 


or expressed as a dilution = 



Research has shown however that the ionic velocities are not constant 
because of the mutual attraction of ions at appreciable concentration; and 
the ratio A c /A 0 is no longer regarded as indicating the degree of dissocia¬ 
tion. Instead this ratio is known by the name conductance ratio. In fact, 
as far as strong electrolytes are concerned, the conductance ratio is probably 
a better index of the change in the speeds of the ions rather than of their 
number. 

In the case of weak electrolytes, however, the number of ions is relatively 
small and so also is the interionic attraction leading to a reduction of 
ionic speeds. For such electrolytes, therefore, the ionic velocities are not 
much affected by variation in concentration with the result that, provided 
the solution is neither too dilute nor too concentrated, the conductance 
ratio is a reasonably good index of the degree of dissociation. 

The Independent Migration of Ions. If equivalent conductances at 
infinite dilution of some pairs of salts having one ion in common are 
examined, certain regularities are to be observed. Some examples are 
quoted in Table 48. 

From Table 48 it will be noted that the differences between the values of 
A 0 for the sodium and potassium salts of the same anion are constant and 
independent of the nature of the anion. Likewise, the differences between 
the values of A 0 for chlorides and sulphates of a given cation are similarly 
independent of the nature of the cation. 

These phenomena, discovered by Kohlrausch (1876) led him to suggest 
that every ion at infinite dilution contributes a definite amount towards the 
equivalent conductance , irrespective of the nature of the other ion with which 
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Table 48 


Equivalent Conductances at Infinite Dilution at 18 °C 

(in reciprocal ohms) 


Electrolyte 

A 0 j 

Electrolyte 

1 

4 

1 

I 

1 

Difference 

KC1 

1300 

NaCl 

108-9 

21-1 

KN0 3 

126-3 

NaN0 3 I 

105-2 

21-1 

iK 2 S0 4 

133-0 

| jNa 2 S0 4 

111-9 

21-1 

KC1 1 

1 1300 

iK 2 so 4 

133-0 

3-0 

NaCl 

1 

108-9 

|Na 2 SQ 4 

111-9 

3-0 

1 


it is associated in the electrolyte. This statement, which is known as 


A# — l -y ~T l__ 


(13) 


where/ + and /_ are the so-called ion conductances, at infinite dilution of 
the cation and anion respectively. These ion conductances are the amounts 

conductance^ 7 ‘° n ’ ‘ nde P endentl y of the °*er, to the total equivalent 

The conductance of an electrolyte depends upon three factors- 

(a) The numbe^ of ions; 

(b) The charge carried by each ion; 

(c) The velocity at which the ions move. 

Since in each case the total change is a mnctant ~~ • i 
Of an electrolyte at infinite d^fion m^ depend E C ° f nduct “ ce 
of its ions, and it is the difference in the speeds of the 1 Up .° n . the SpeCds 
sible for the different values of A 0 as given fn Table 48 Th s r ™ P T 

are the velocities of cation and anion fespecfiveiy under'a fell of not"^ i 

of 1 volt/cm the values of A 0 must be proportional to th. c p0tentlal 

velocities. Expressed mathematically— P H ° f these two 

A 0 = k(u + v) 

~ ku -\- kv . 

cation teing^r wh?st Set„ Ctr0lyteS ’ ^ ’«*» 

conductance is kv. S ’ 1 the dnion contribution to 

n follows, therefore, from the identity of equations (.3) and ( 14 ) that 

/ + = ku 

and /_ = kv 
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In other words, the ion conductance is proportional to the velocity of 
the ion. 

Ion conductances are often referred to as ionic mobilities on account of 
the relationship of ion conductances to the velocities at which the ions 
migrate under the influence of an applied e.m.f. Ion conductances are 
also related to transport numbers (see p. 259) as follows— 




and t_ = 




where t + and /_ are the transport numbers for the cation and anion 
respectively. From a consideration of data for strong electrolytes it is 
possible by utilizing (15) to calculate values for ion conductances for a 
large number of ions. Some typical values are given in Table 49. 


Table 49 

Ion Conductances at Infinite Dilution at 18°C 


Cation 

/+ (r.ohms) 

Anion 

/_ (r.ohms) 

H + 

| 

315-2 

OH' 

173-8 

Cs + 

67-46 

V 

66-25 

K + , 

64-20 

Br' 

67-31 

nh 4 + 

64-3 

Cl' 

65-24 

Na + 

43-16 

F' 

46-6 

Li+ 

33-02 

no 3 ' 

61-62 

Ag + 

53-8 

CH 3 COO' 

35-0 

£Ba++ 

55-0 

*so 4 " 

68-5 

£Pb ++ 

1 

61-0 

ico 3 " 

60-0 


Since the value of A 0 increases with rising temperature the value of ion 
conductance also increases as the temperature rises, and at elevated 
temperatures all ions tend to have the same conductance. As was stated 
previously (see p. 254) the numerical value of A 0 for a weak electrolyte 
cannot be obtained directly from measurements of its conductance. It is, 
however, possible to effect its computation from known values of ion 
conductances. For example (introducing values from Table 49), the value 
of A 0 for acetic acid may be calculated as follows— 

A 0 (ch,.cooh) = /h+ + /ch,.coo' 

= 315*2 + 350 
= 350-2 r.ohms at 18°C 
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Alternatively, by application of Kohlrausch’s Law of Independent 
Migration of Ions— 

A 0 (CH,.COOH) = A 0( HC1) -f A 0 (CH,.C00Na) ~ A o(NaC i) . (16) 

= (/h- 4- Icy) 4- (/n a + 4- /ch,.coo) — (/xa + 4- lev) 
= /h* 4- /cn,.coo' 

Thus, by introducing values of A 0 for the three strong electrolytes, 
hydrochloric acid, sodium acetate and sodium chloride in (16), the value 
for A 0 for acetic acid may be evaluated. 

The Solvation of Ions. Since the equivalent conductance of an ion at 
infinite dilution depends only upon its speed, the product of ion conductance 
and viscosity should be independent of the character of the solvent. This 
relationship, known as Walden s Rule , is however only approximately 
true as is shown by Table 50. 

Expressed mathematically, Walden’s Rule is— 

A 0 *7o = a constant for any given electrolyte 

where rj 0 is the viscosity of the solvent in which the equivalent conductance 
at infinite dilution is A 0 . 

Table 50 


Product of Ion Conductance and Viscosity at 25°C 


Solvent 

H+ 

1 

Li+ 

i 

Na + 

nh 4 + 

Cl' 

NO/ 

Water . . . | 

3-14 

0-36 

0-46 

0-66 

0-69 

0-63 

Methyl alcohol 

0-78 

0-22 

0-26 

0-32 

0-29 

0-83 

Ethyl alcohol . 

0-67 

016 

0-20 

0-20 

0-26 

0-28 

Acetone 

0-28 

0-22 

0-22 

0-28 

0-33 



The lack of constancy in the case of each ion in different solvents clearly 
shows the limitations of Walden’s Rule, and indicates that an ion does not 
necessarily have the same effective radius in different solvents These 
variations are due to differing degrees of solvation which each ion suffers 
in different solvents. In other words, since an ion is capable of attaching 
to itself one or more molecules of solvent, according to the nature of the 

SO ,y cn j’ the effect 've radius of the solvated ion will not be constant- this 
will affect its mobility, so that the product A 0% cannot be expected’to be 


Conductometric Analysis 


A knowledge of ion conductances may be applied to the chemical analysis 
solutions by means of the technique known as conductometric analysis 

the h’ hf add ‘V° n ° a u n alkah to a stron g acid causes the replacement of 
the highly conducting hydrogen ions of the acid by metal ions of a much 
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lower conductance; the conductance of the solution therefore progressively 
falls (see portion ab of curve I—Fig. 98 {A)). When neutralization of the 
acid is completed, the addition of more alkali causes the conductance to 



Volume of tit rant added 



Fig. 98. Conductometric Analysis Curves 


increase again—portion be —since there are now present the highly 
conducting hydroxyl ions; thus the endpoint of the neutralization is 
marked by a minimum in the conductance. 

When a weak acid (e.g. acetic acid) is neutralized, the conductance 
shows an initial fall (see portion de of curve II in Fig. 98 ( A )), since the 
formation of the salt having an ion in common with the acid tends to 
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repress the dissociation of the acid. After this initial fall the conductance 
increases—portion ef— since the highly dissociated salt being produced 
exhibits a greater conductance than the weak acid undergoing neutraliza¬ 
tion. If a strong alkali is being employed to neutralize the weak acid the 
conductance increases more rapidly as soon as the endpoint has been 
passed—portion^; on the other hand, if a weak alkali is being employed 
the conductance is almost constant after passing the endpoint—portion 
/A—since such a base exhibits little conductance. If the acid is very weak 
the initial conductance of the solution is very small and the conductance 
shows a progressive rise to the endpoint (see portion j of Curve III in 
Fig. 98 (A)). After the endpoint, the conductance rises rapidly if a strong 
base is being employed for the neutralization—portion jk ; or alternatively 6 

portiony/ m ° re ° r l6SS C ° nStant if a weak base is bein g employed— 

From Fig. 98 (A) it will be clear that when titrating weak acids it is an 
advantage to employ a weak base since thereby it is only necessary to take 
about six or eight readings through which straight lines may then be drawn. 

Conductometric analysis finds considerable applicatio'n when dealing 
with coloured solutions in which changes in indicator colours could not 
readily be noted. In addition, mixtures of strong and weak acids may 
readily be analysed. If sodium chloride solution is added to a solution of 
silver nitrate the conductance remains almost constant until the whole of 
e silver has been precipitated as chloride when the conductance rises- 
this is indicated graphically in Fig. 98 (fl)—curve I. ’ 

NaCl + AgNO a = NaN0 3 + AgCl | 

On the other hand if both the products of the reaction are only slightly 
soluble, as in the following case— j b y 

MgS0 4 + Ba(OH) 2 = Mg(OH) 2 j + BaSO., j 

the conductance curve shows a fall until the whole of 4 
precipitated as hydroxide after which the conduct 

presence of free barium hydroxide. The conductance curve for this tyJe 
of reaction is shown in Fig. 98 (B) —curve II. mis 

Transport Numbers (or Transference Numbers) Hittorf mrsti u i 

sssrrs’is iS *• HP 

w:rot2 s ,; -rssrjr, r^ 

cation is u/(u + t>), this quantity being f known asTheT by the 

(or transference number) of the cation 8 and bein^ ? • ans P° rt number 

Similarly, the transport number of the aninn ^ designated 4 , or t c . 

The sum of the tw G P to ^ + ’>■ 



260 


ELECTROCHEMISTRY 


It is almost invariably found that in any given electrolyte the anions and 
cations move with different speeds, and yet it is an experimental fact that 
equivalent quantities of anions and cations are discharged at the anode and 
cathode respectively in accordance with Faraday’s Laws. 

The reconciliation of these two apparently conflicting facts may be 
understood most clearly by means of a diagram (see Fig. 99). In this 
diagram suppose that the electrolyte contained between the anode and 


ANODE 

I 


U 


m 


w 


Anode 
Compartment 

~TT 

♦ -M--4- + 


+ + + 


2 

equiv. 


+++ 


2 . 

equiv. 


tV 

*++♦«- 


/ 

equiv. 


Cathode 

Compartment 


+++4++++4+ 


+ + + ++-f + + 4- 4- 


4 + + + 4++f + 4- 




+ + -M- + 




+ + -M-+ 


2 

equiv. 
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Reduction in concentration 
of electrolyte 


:. + + 
+ ♦+ + + 


No 

change 


Reduction in concentration 
of electrolyte 


4- 4- 4- 


2 ;■ 

equiv. 


Reduction in concentration 
of electrolyte 


'b d 

Fig. 99. Diagram illustrating Migration of Ions 


cathode is divided by two imaginary partitions ab and cd into three com¬ 
partments. Before electrolysis commences the state of the electrolyte is 
shown at I where each anion is associated with a cation. 

Suppose that a potential is now applied to the two electrodes and that 
in this case the anions and cations all migrate with the same velocity 
towards the anode and cathode respectively. After a brief interval of time 
the state as depicted at II may exist in which two anions and two cations 
have been discharged at the anode and cathode respectively. Suppose, 
however, that only the cations are able to migrate under the influence of 
an e.m.f., then the condition attained is that depicted at III, from which it 
will be noted that if two cations move towards the cathode, two anions 
will be left unpartnered in the anode compartment, and these must there¬ 
fore be considered to be discharged in exactly the same way as the two 
cations. This phenomenon actually occurs in certain fused and solid 
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electrolytes in which the whole of the current is carried by one type of ion. 
Suppose, now, that the speed of the anion is twice that of the cation, that 
is, that two anions are discharged for one cation, the state of the electrolyte 
will then be that shown at IV. 

From a consideration of IV it is noted that it is possible for the same 
number of ions to be discharged at each electrode, even though the speeds 
of the anion and cation are different; there is, therefore no conflict 
between differences of ionic velocity and Faraday's Laws. Examination 
of Fig. 99, section II, shows that the concentration of the electrolyte in 
both the anode compartment and also the cathode compartment has 
decreased by same amount—two equivalents; in section III, however, the 
concentration of the electrolyte in the anode compartment has diminished 
by two equivalents, whilst that in the cathode compartment has not 
suffered any change. In the case of section IV the electrolyte in the anode 
compartment has decreased in concentration by one equivalent whilst 
that in the cathode compartment has decreased by two equivalents; 
expressed mathematically— 

Fall in concentration in the anode 

__compartment_1_ _ Speed of the cation 

Fali in concentration in the cathode 2 ~ Speed of the anion * 

compartment 

t + *c 

= “ or > - • • • ( 18 ) 
— * a 

Recalling that— t c + t a = 1 


then 


Fall in concentration in anode compartment /, 

Total fall in concentration in anode and ~~ T 

cathode compartments 



Number of gramme equivalents of electrolyte lost from 

anode compartment 

Number of gramme equivalents deposited on each 

electrode 


( 20 ) 


If a coulometer is included in the circuit, then from Faraday’s Laws it 
follows that the same number of gramme equivalents of material, no 
matter what its nature, will be deposited in the coulometer as in'the 
transport apparatus; therefore— 


Number of gramme equivalents of electrolyte lost from 
____anode compartment 

Number of gramme equivalents of metal deposited in = /+ * (21) 

coulometer 



262 


ELECTROCHEMISTRY 


and, in a similar manner it may be deduced that 


Number of gramme equivalents of electrolyte lost from 
__ cathode compartment 

Number of gramme equivalents of metal deposited in 

coulometer 




Since the sum of the two transport numbers is equal to unity it is not * 
usually necessary to determine experimentally the transport numbers for 
both an ion and cation; instead one or the other is determined experi¬ 
mentally and then this value subtracted from unity 
when the value for the other type of ion is immediately 
obtained. 

The Experimental Determination of Transport Num¬ 
bers. A common form of apparatus employed for the 
determination of transport numbers is shown in Fig. 
100. It consists essentially of two tubes, each about 
1*5 cm in diameter and capable of holding 50-100 ml 
of solution. These two tubes are connected by means 
of a bridge near the top of each. Both the tubes are 
fitted with taps at their lower ends to facilitate the 
withdrawal of the solution. Metal electrodes, fused 
into the lower ends of narrow bore glass tubes, are 
inserted into the upper ends of each of the tubes, and 
maintained in position by means of stoppers. The 
metal used for the electrodes varies with the electrolyte 
undergoing examination; for example, for halides of 
Fig. 100. Appara- a ]k a ]i metals, silver is suitable for the anode and silver 
tus for Determina- coatec j w ith silver chloride for the cathode, whilst if 

tl0n Numbers P ° rt the electrol y te is silver nitrate, silver may be em¬ 
ployed for both anode and cathode. Similarly in the 
case of other metals capable of being deposited at the cathode and 
dissolved at the anode, the metal itself may be employed for the 
electrodes. 

The general arrangement of the apparatus used for transport number 
determinations is shown in Fig. 101. In use, the electrolyte under examina¬ 
tion is placed in the limbs of the transport number apparatus which is 
then immersed in a thermostat. The electrodes are connected in series 
with either a silver or a copper coulometer (Fig. 101 at C) and a small 
d.c. current of 10-20 milliamperes passed for 3-4 hours. A supply voltage 
of 50-100 volts from a battery, B , is adjusted by the variable resistance R. 

At the conclusion of the electrolysis the transport number apparatus is 
removed from the thermostat and about as much liquid as would fill each 
limb gently run off, weighed and analysed. The weight of metal deposited 
in the coulometer is also determined. The transport numbers are then 
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calculated in the manner shown below for the determination of the trans¬ 
port numbers of the silver and nitrate ions. 

Suppose that the silver content of a silver nitrate solution was determined 
by titration with N/10 potassium thiocyanate solution. A silver coulo- 
meter and the transport number apparatus were filled with this solution. 
The silver coulometer contained 100 g of electrolyte and initially it was 
found that this weight of solution required x ml of potassium thiocyanate 
solution for titration; after electrolysis, however, only y ml of the thio¬ 
cyanate were required; the amount of current passed is therefore propor¬ 
tional to (x — y). After electrolysis the anolyte (the solution in the anode 



Fig. 101. Circuit Employed for the Determination 

of Transport Numbers 

compartment) weighed a g and was found to require z ml of potassium 

thiocyanate solution. Silver in amount proportional to (x — >•) ml of N/10 

potassium thiocyanate has, however, been dissolved from the anode of the 

transport number apparatus during the electrolysis. Therefore, the amount 

of the original silver nitrate remaining in the anolyte is proportional to 

z- (x- y). Since 100 g of the silver nitrate solution initially required 

xml of N/10 potassium thiocyanate solution for titration, then a p of 

silver nitrate would initially have required ax /100 ml of potassium 

thiocyanate solution. Therefore, the loss of silver from the anolyte is 

proportional to (ax/ 100) - z - (x - y) ml of N/10 potassium thiocyanate 

solution. Thus, the transport number for the cation (that is for silver) is 
from (19)— ' ’ 

(ax/ 1 00) — z — ( x — y) 

(* - y) 

The values for transport numbers vary with the concentration of the 
Tabled 16 ^ ^ temperature - Somc l yP ical values are quoted in 
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Table 51 


Typical Transport Numbers for Cations at 18°C 

(i after Glasstone) 


Electrolyte 

Concentration (Gramme equivalents per litre) 

0 005 

002 

005 

1 

0-10 

1 

0-20 

0-50 

NaCl 

0-397 

0-396 

0-393 

0-390 

0-385 

i 

0-374 

KC1 

0-496 

0-496 

0-496 

0-495 

0-494 

0-492 

HC1 

0-832 

0-833 

0-834 

0-835 

0-837 

0-838 

CdCl 2 . 

0-438 

0-422 

0-411 

0-402 

0-393 


Cdl 2 

0-445 

0-442 

0-396 

0-296 

0-127 

0-003 

CuS0 4 . 


0-375 

0-375 

0-373 

0-361 

0-327 


The variations in the values of transport numbers as quoted in Table 51 
are probably due to various causes including the formation of complex 
ions, ionic hydration, and interionic attraction. 

The Absolute Velocities of Ions. It should be noted that the ionic 
mobilities (i.e. ion conductances, see p. 255) are not the absolute velocities 
of the ions. The absolute velocities of ions are quoted in cm/sec under the 
influence of a potential different of 1 volt. 

Consider a dilute solution to be contained between two flat, parallel 
electrodes each of which has an area of 1 cm 2 , and separated by a distance 
of 1 cm, and to these two electrodes an e.m.f. of 1 volt is applied. If the 
velocity of the cations is u cm/sec, and that of the anions v cm/sec, then all 
the cations within the distance u cm will travel to the cathode in one 
second, whilst all the anions within the distance v cm will migrate in the 
opposite direction to the anode. If the concentration of the solution is c 
gramme equivalent/litre (i.e. c/1000 g. equivalent/mi) then in one second 
there will be transported a total of c(u 4- v)/1000 g. equivalent of cations 
and anions. Since each gramme equivalent of any ion carries a charge 
of one Faraday (i.e. 96 500 coulombs), then the total quantity Q of 
electricity carried per second is given by— 

96 500 c(u + r) 

Q =-———r-coulombs . • • (23) 

^ 1000 

Now the conductance of a centimetre cube is equal, by definition, to the 
specific conductance k. In addition, by equation (11)— 

. 1000 * 

A =- 

c 

where A is the equivalent conductance, and c the concentration of 
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the solute in gramme equivalent/litre. Therefore, since the solution 
is dilute 

A=Ao 

and thus by equation (13) 

A 1000AT /f 

A =-= (/ + + /_) 


and 


c(l+ + /-) 
1000 


But by Ohm’s Law— 

/ = - = £k 

R ^ 




where / = current in amperes, E = applied e.m.f. in volts, R = specific 
resistance in ohms, and k = specific conductance in reciprocal ohms. 
Therefore, since the applied e.m.f. is 1 volt, 

/ = 

1000 

Thus, the number of coulombs Q passing through one centimetre cube 
every second is 

^ c(/+ + /_)_ , , 

Q = —ioori coulombs .... ( 26 ) 


and combining equations (23) and (26), 

96 5 00c(k + v ) _ c(l + + /_) 
1000 ~ 1000 

Therefore, 96 500 (it -f v) = (/ + -f /_) 

and, from equation (14)— 


Thus, 

and 


96 500w + 96 500r = / + + / 

96 500m = / + 

96 500v = / 


from which, 
and, 


u = I J 96 500 
■v = L/96 500 


Expressed in words, the absolute velocity in cm/sec of anv ion under a 
potential difference of 1 volt/cm is obtained by dividing the ion conduc¬ 
tance (in reciprocal ohms) by the Faraday (96 500 coulombs). Some typical 
results are given in Table 52. typical 
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Table 52 

Ionic Velocities at 18°C for a Potential Difference 

of 1 voltj cm 


Ion 

Velocity (cm/sec) 

Hydrogen . 

32-4 x 10- 4 

Potassium 

6-6 x 10" 4 

Barium . 

5-7 x 10- 4 

Sodium . 

4-5 x 10- 4 

Hydroxyl. 

18 0 x 10 -4 

Sulphate . 

7-0 x 10" 4 

Chloride . . . . . i 

6-8 x 10- 4 

Nitrate ..... 

6-4 x lO" 4 


A number of experimental determinations of ionic speeds have been 
made. Lodge (1896) used a U-tube which he filled with an agar-agar gel 


Anode 

[Dilute 
Sulphuric 
Acid 


L'.Vl 



Gel now 
decolourized 



Cathode 


Sodium" 
Sulphate 
Solution 


\k 


m 


Gel still 
coloured pink 




Boundary indicating 
point reached by hydrogen ions 


Potassium 
Carbonate 
Solution 



Boundary 
between two 

Solutions 


Potassium 

Dichromate 

Solution 


Cathode 


Fig. 102. Lodge’s Apparatus for 
the Determination of Ionic 
Velocities 


Fig. 103. Whetham’s Apparatus 
for the Determination of Ionic 

Velocities 


containing sodium chloride to serve as a conductor and phenolphthalein 
just turned pink by the addition of a trace of alkali (see Fig. 102). When 
the gel had set, a small quantity of dilute sulphuric acid was added to one 
side of the U-tube and a little sodium sulphate solution to the other; 
platinum electrodes were then placed in each limb, the electrode immersed 
in the sulphuric acid being made the anode and that immersed in the sodium 
sulphate solution the cathode. On connecting the electrodes to a d.c. 
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supply, the hydrogen ions migrated through the gel, their progress being 
indicated by the progressive decolorizing of the phenolphthalein. 

Another technique, introduced by Whetham (1893), involves the use of 
two solutions of almost the same conductance and having one ion in 
common. One such pair of substances is potassium dichromate and 
potassium carbonate. If an apparatus such as that shown in Fig. 103 is 
used, the coloured Cr 2 0 7 ion moves, and its progress may be followed by 
noting the position of the boundary. 


ELECTRODE POTENTIALS AND THE E.M.F.s 

OF GALVANIC CELLS 


When a metal is placed in a solution of one of its salts, equilibrium is 

attainable between the metal and the solution only by movement of 

metal ions. Thus when a metal dips into a solution containing its ions 

it will exhibit a tendency to pass into the solution as positive ions. This 

property, which is non-variable, possessed by hydrogen as well as by the 

metals, was termed solution pressure by Nernst (1889). With the noble 

metals, gold, silver, platinum, etc., the solution pressure is very low, but 

in the case of reactive metals such as the alkali metals, it is high. Hydrogen 

and each of the metals all have a characteristic solution pressure which 

may be regarded as a measure of their readiness to pass as positive ions 
into solution. r 


Electrode Potentials. The loss of positive ions leaves the metal electrode 

negatively-charged and the accumulation of electrons on the metal surface 

results in the establishment of an electrostatic field or “electrical double 

layer which tends to hold the positive metal ions in the solution close to 

the metal electrode surface. This process of ion formation does not 

normaily continue indefinitely, in fact a state of equilibrium is rapidly 

attained; actually only a minute amount of metal passes into solution as 
positive ions. 


The potential across the metal-solution interface is dependent upon the 
concentration of the solution, that is, upon the osmotic pressure 
f the solution. Thus, if the concentration of metal ions in the solution is 
increased by adding more of the metal salt, the effect of the increased 
osmotic pressure which results is to drive back some of the positive 

no e tPn, 10 r!t°m l ° thC metaI electrode with the consequent reduction of the 
potential difference across the metal-solution interface. Metal ions will 

herefore continue to pass from the electrode to the solution until this 
denn . C H ‘r JUSt c ° unterbal anced by the tendency for positive ions to be 

orTs tZ the ^ S ° Iuti ° n P ressure is S reater tb an, e P qual £ 

or less than he osmotic pressure, so the potential and the sign of the charee 

on the metal electrode will vary. If the solution pressure /is greater than 
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the osmotic pressure p (e.g. zinc) then positive ions will pass into the solu¬ 
tion and the metal electrode will acquire a negative charge (see Fig. 104 (A)). 
When P and p are equal, then no ions will pass into the solution, nor will 
any ions pass from the solution to the electrode with the result that the 
metal electrode will not develop any potential (see Fig. 104 (B)). On the 
other hand, if P is less than p , as is the case with copper, gold, silver and 
platinum, then positive metal ions will pass from the solution to the metal 
with the result that the electrode will acquire a positive charge (see Fig. 

The potential difference between a metal and a solution of its ions (in 
equilibrium) is known as the electrode potential of that metal. The electrode 

B 
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Fig. 105. Daniell Cell and 
Simple Potentiometer 


potential of a metal is dependent, amongst other factors, upon the physical 
state of the metal, the temperature and, as stated above, upon the concentra¬ 
tion of metal ions in the solution. 

If two different metals (e.g. zinc and copper) are each placed individually 
in solutions of their salts, the two solutions being separated by a porous 
partition (see Fig. 105), it is possible by means of a potentiometer to 
measure the e.m.f. of the galvanic cell thus set up. In this circuit the 
potentiometer XYZ is supplied with current by the battery B. The two 
metal electrodes are connected as shown in Fig. 105, and the movable 
contact Y moved along the slide wire XZ until the galvanometer G gives 
no deflection. This condition indicates that the e.m.f. of the galvanic cell 
is exactly equal to the potential difference between the points Y and Z 
which may be read off at once from the voltmeter V. This e.m.f. however 
is the combined e.m.f. of two single electrode potentials for the metals 
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zinc and copper making up the cell and it is impossible to state from the 
value of e.m.f. measured what proportion is due either to the zinc, or 
to the copper. 

If it is desired to measure the single electrode potential for a metal 
electrode it is necessary to combine that electrode with a standard electrode 
of known potential difference. The standard electrode usually adopted is 
the hydrogen electrode which consists of a strip of platinum'foil, coated 
with platinum black, partially immersed in an acid solution containing 
hydrogen ions at a concentration of one gramme ion per litre, that is, a 



normal solution, and kept continuously saturated with hydrogen gas at one 

atmosphere pressure. This is the so-called normal hydrogen electrode. 

There are many forms of hydrogen electrodes but one typical form is 
shown in Fig. 106. 

The hydrogen electrode is considered arbitrarily to be at zero potential 
at all temperatures, and electrode potentials determined against this 
standard are termed electrode potentials on the hydrogen scale. 

The hydrogen electrode is very reproducible, but it is not easily set up; 
ence a secondary standard electrode which is more convenient to use for 
ordinary purposes than the hydrogen electrode is generally employed, 
ims is the calomel electrode , which consists of mercury in contact with a 
solution of potassium chloride saturated with mercurous chloride Hg 9 Cl 9 
(calomel). The title “calomel electrode” is usually preceded by the c"on- 
centraUon of the potassium chloride solution; thus, for example, one may 
use the OTN, the ION, and the saturated calomel electrodes. One form 
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of the calomel electrode is shown in Fig. 107; electrical connexion with 
the mercury at the bottom of the cell is made by means of a piece of 
platinum wire which is sealed in the end of the glass tube dipping into 
the cell. 

The Daniell cell, as shown in Fig. 105, may be regarded as being made 



■Potassium 

chloride 

solution 



Paste of mercurous 
chloride and mercury 

■Mercury 


Fig. 107. Calomel Electrode 


up of two “half-cells,” in fact any such cell may be regarded as being made 
up of two half-cells— 

M l | A/j salt solution 
and M 2 | M 2 salt solution 

Similarly, the hydrogen electrode and the calomel electrode are also 
half-cells. 

If the hydrogen electrode and the calomel electrode are arranged in 
circuit as shown in Fig. 108, the e.m.f. of the calomel cell on the hydrogen 
scale may be determined by means of a potentiometer on connecting the 
two contacts R and S (Fig. 108) to the two terminals, P and Q (Fig. 105), 
after disconnecting the Daniell cell as shown in Fig. 105. The hydrogen 
electrode dips into a 1-2N hydrochloric acid solution (1-2N hydrochloric 
acid has a normal hydrogen ion activity) which is brought into circuit with 
the potassium chloride of the calomel cell C by means of an intermediary 
bridge of a concentrated solution of a salt such as potassium chloride or 
ammonium nitrate. Since both of these salts give ions which have almost 
the same mobility the potential difference at the junction of the two salt 
solutions is very low and thus errors may be minimized. This concentrated 
salt solution contained in the beaker B is often called a “salt bridge.” 
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The potentials of the three types of calomel cell are thus determined 
to be— 

0-1N KC1 Calomel electrode + 0-334 volt 
1-0N KC1 Calomel electrode + 0-281 volt 
Saturated KC1 Calomel electrode + 0-242 volt 

The simple type of potentiometer as shown in Fig. 105 is, of course, 
only suitable for rough measurements. For precise work it is customary 



Fig. 108. Arrangement of Apparatus for the Determination 

of the e.m.f. of the Calomel Cell 


to employ a potentiometer having its resistance coils calibrated in terms 
ot the e.m.f. applied to its output terminals. In addition, a standard cell 
(e.g. a Weston cell) is usually incorporated so as to permit of the potentio¬ 
meter being standardized prior to making observations with the output 
from two half-cells connected to the instrument. ^ 

If It is desired to determine the electrode potential of a metal it is onlv 
necessary to immerse a specimen of the metal in question in’a normal 

tirT ° f US , SaltS ’ aS Sh ° Wn ‘ n Fi S' l09 ’ and then to connect it to 

a o°rr , y , dr T n el f ctrode v,a the connecting solution, instead of to a 
calomel electrode as shown in Fig. 108. Thus the wire 7^ (Fig. 109) takes 

he place of the wire 5 (Fig. 108). Alternatively, it is often more convenient 

o theT? th i T ta ‘ electrode ’ a S ain through the connecting solution 
to the calomel electrode in which case the wire T (Fig 109) takes thp 

° the * (Fig. ,08). Suppose that it is desired^o dete mme Je 

iTu t °oi, e TT l ° f S “ Ver; 3 piCC£ ° f the metal is mlmersed informal 

olution of silver mtrate and connected through a salt bridge, say 
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ammonium nitrate in this case, to a calomel electrode. The combination 
may be depicted as follows— 



Hg 2 Cl 2 

(Normal KC1) 


Connecting solution 
(e.g. NH 4 N0 3 ) 


AgN0 3 

(Normal solution) 



The potential of this combination is then measured by means of a 
potentiometer. 

Since the potential of the calomel electrode is positive to the hydrogen 
electrode, the appropriate value for the calomel electrode must be added 

to the potential derived from the above 
combination. Thus, if the potential of 
the combination was found to be + 0-518 
volt, and if a TON KC1 calomel electrode 
was employed, that is, with a potential 
of + 0-281 volt on the normal hydrogen 
scale, then the single electrode potential 
for silver is— 

0-518 + 0-281 = + 0-799 volt 

It should be noted that the silver has a 
potential which is positive to the calomel 
electrode and this is the reason for adding 
together the potentiometer value and the 
calomel electrode potential. In the case 
of base metals, however, it is found that 
they give a potential which is negative 
to the calomel electrode so that the algebraic sum of the potentiometer 
value and the calomel electrode potential in such cases results in a decrease 
in the numerical value of the electrode potential for the base metal 
concerned. The values of some standard electrode potentials on the 
hydrogen scale are given in Table 53. 

From Table 53 it will be observed that the noble metals are placed at 
the positive end of the table, whilst the more active metals appear at the 
negative end of the table. This sequence is known as the electrochemical 
series ; the order in which the metals appear in this series also gives the 
order of replaceability. Thus, a metal will be displaced from a solution of 
one of its salts provided that the displaced metal is more positive than the 
metal acting as displacer. Such displacement occurs most readily when a 
pair of metals is widely spaced in the electrochemical series. Thus, zinc 
will displace nickel from solution, iron will displace copper, and copper 
will displace silver. The position of hydrogen in the electrochemical 
series is important; the metals which are positive to hydrogen (e.g. gold, 
silver and platinum, etc.) will not normally displace hydrogen from acids, 
whilst metals which are negative to hydrogen (e.g. tin, iron, zinc and 


r 
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aluminium, etc.) will do so with increasing ability as they become more 
negative. In fact, the very reactive alkali metals are able to liberate 
hydrogen from water in which the concentration of hydrogen ions is 
very small. 


Table 53 

Standard Electrode Potentials at 25°C 
0 after U. R. Evans) 


Metal ! 

Ion Concerned 

Normal Electrode 
Potential on the 
Normal Hydrogen 
Scale 

“Base” end— 


(volts) 

Lithium* .... 

Li + 

- 3-02 

Potassium* .... 

K + 

- 2-922 

Sodium* .... 

Na+ 

- 2-712 

Magnesium* 

Mg ++ 

- 2-375 

Aluminium* 

A1+++ 

- 1-67 

Zinc .... 

Zn ++ 

- 0-762 

Chromium . 

Cr ++ 

- 0-71 

Iron . . . . . 1 

Fe+ + 

- 0-44 

Cadmium . . . . 

Cd++ 

- 0-402 

Nickel . . . . 

1 Ni++ 

- 0-250 

Tin . 

Sn ++ 

- 0-136 

Lead .... 

Pb ++ 

-0-126 

Hydrogen (1 atmosphere) 

H+ 

0-000 

Copper . . . . 

Cu ++ 

4- 0-3448 

Mercury . . . . 

; (Hg 2 ) ++ 

+ 0-7986 

Silver . . . . 

Ag+ 

+ 0-7995 

Platinum . 

Pt++ 

+ 1-2 (approx) 

Gold . 

Au +++ 

+ 1-42 

“Noble” end — 




* These are calculated values, and of theoretical interest only. Aluminium, unless 
amalgamated, gives nobler values, owing to the presence of an oxide film. The other 
metals evolve hydrogen freely, and potential measurements made directly would not 
represent equilibrium values. 


The Variation with Concentration of Electrode Potential 

The potential of the normal hydrogen electrode is dependent upon the 
maintenance of (a) a steady concentration of molecular hydrogen at a 
pressure of one atmosphere, and (6) a steady concentration of hydrogen 
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ions at unit activity in the electrolyte. If either, or both of these factors 

vary the potential of the hydrogen electrode will also vary. Similarly the 

potential of a metal electrode varies as the concentration of metal ions in 
the electrolyte varies. 


The laws underlying the variations of both these types of electrodes are 
made clear by a consideration of what is termed a “concentration cell.” 
A concentration cell, which is shown diagrammatically in Fig 110 
consists essentially of two electrodes of the same metal immersed in 
solutions of the same salt of this metal at two different concentra¬ 
tions which here will be termed C x and C 2 . Let the valency of the 



Fig. 110. Concentration Cell 


cation be n and the potentials of the two electrodes be E^ and E^ 
respectively. 

If one gramme equivalent of the metal is dissolved from one electrode 
and deposited on the other electrode then the charge Q which has passed 
through the concentration cell is given by— 

Q — nF coulombs 

where, F= 1 faraday 

Since the potential difference between the two electrodes is E\ — E 2 , 
and assuming that E 1 > E 2i then the electrical work W which has been 
done is 

W = nF(E^ - EJ . . . . (27) 

assuming that there is no potential difference at the partition. 

Now the process of transferring one gramme equivalent of the metal 
from one electrode to the other, that is, from one concentration to another 
concentration, may be considered as being done by an isothermal and 
reversible expansion, doing work against the osmotic pressure. Thus, 
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assuming that the ions obey the gas laws, and that p represents the osmotic 
pressure of the ions then the work done— 


W 


= f p dv 

*r. 


— * 

where the dilutions, v x and r 2 , are the reciprocals of C A and C 2 respectively. 

* 


Therefore 




ft 


v 






= RT \og 


r 


= ^rio ge ^ 

C 2 

where 7? = gas constant, T = absolute temperature. 
Equating the two work terms, (27) and (28) 

nF(E 1 - E 2 ) = RT \og e S 

Co 


• (28) 


so that 


E i E 2 — 


RT Q 

wF lo S- C 2 
2-303FF C, 

lo glO 7T 
^2 




. (29) 


Introducing values for F and F and taking the temperature to be 18°C 
the factor * 

2-303 RT 

— — 0-058 volt 


F 

At 25°C, the same factor 
Thus, at 18°C, (29) may be simplified to— 


00591 volt 


E\ F 2 — 


0-058 


n 


or, 


E\ — F 2 + 


1 C 1 
Io §10 7^ • 
C 2 

• ( 

• (30) 

0-058 , 

c. 


„ log,o 

1 

c. ' 

• (31) 


ow if the standard electrode potential of a metal be the e.m.f. desig- 
con^mrafk)n h C SOlUt l 10n Whidl ^ eleCtrode is immers ed must have the 


concentration C 2 = 1. 
Therefore 


pr _ r? 0-058 , 

E i~ E-~\ -— log 10 Q . 


n 


■ (32) 
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or, as is customary, designating the standard electrode potential by the 
symbol £ 0 — 


„ „ 0 058 , 

Ei = ^0 + —— logic Ci 


• (32a) 


The relationship (32a) derived above refers only to the condition of 
equilibrium existing between an electrode and positively-charged ions 
in solution (i.e. cations). It may, however, be applied to the equilibrium 
conditions existing between an anode and anions, in which case it is only 
necessary to change the sign, thus— 

= E 0 — ^ Io&o Ci (326) 


Equations (32a) and (326) are forms of the Nernst equation. 

From a consideration of (32a) it will be noted that a ten-fold increase 
of concentration varies the electrode potential by 0058/a volts at 18°C. 
Likewise, for anions a similar increase of concentration decreases the 
electrode potential by 0-058/a volt at 18°C. 

Reconsidering equation (31) it is possible to select a metal ion concentra¬ 
tion Cj which is such that the osmotic pressure which it exerts will just 
balance the solution pressure of the metal; similarly, for concentration 
C 2 of metal ions in the electrolyte the osmotic pressure may be substituted. 
Thus the quotient CjC 2 in (31) is proportional to solution pressure/osmo¬ 
tic pressure. Therefore, in the case of metals such as zinc, for which solu¬ 
tion pressure is greater than osmotic pressure, the numerical value of the 
quotient, CjC 2> and therefore E x , is increased by diminishing the concentra¬ 
tion of zinc ions , that is, the osmotic pressure. In the case of metals like 
copper, however for which the solution pressure is less than the osmotic 
pressure, the numerical value of C 1 /C 2 and therefore the electrode potential 
is decreased by diminishing the concentration of metal ions. Summarizing 

/ Reduction in ionic concentration 

If ions are discharging at the I leads to e.m.f. reduction 

electrode (e.g. copper) j Increase in ionic concentration 

v leads to e.m.f. increase 

/ Reduction in ionic concentration 

If new ions are being formed at leads to e.m.f. increase 

the electrode (e.g. zinc) Increase in ionic concentration 

leads to e.m.f. reduction 

A consideration of the behaviour of the Daniell cell under varying 
conditions is of assistance in understanding more clearly the principles 
stated above. In the Daniell cell, when the copper and the zinc plate are 
connected, the cell e.m.f. is initially the algebraic sum of the electrode 
potentials for copper and zinc respectively. Since the salt solutions are 
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not normal solutions these values are of the order of 4- 0-3 volt for 
copper, and - 0*8 volt for the zinc. The cell e.rn.f. is therefore M volts 
(see Fig. 111). As a result of connecting the two electrodes together, the 
copper plate becomes less positive, whilst the zinc plate becomes progress¬ 
ively more positively charged, that is less negative. In order to restore 
equilibrium, copper ions are deposited on the copper plate whilst zinc ions 
pass from the zinc plate to the electrolyte. The supply of copper ions in 
the solution is, however, unlimited; and also the electrolyte ultimately 

becomes saturated in respect of zinc ions—as zinc sulphate—so that the 
concentration of zinc sulphate cannot in¬ 
crease beyond this value. The net result of 
these processes is that the copper plate and 
the zinc plate ultimately both attain the 
same potential, A' and C (Fig. 111). 

The reason for the copper electrode under¬ 
going a far greater change of potential than 
the zinc electrode is that once the electro¬ 
lyte has become saturated with zinc sulphate 
further change in potential of the zinc elec¬ 
trode is impossible. The concentration of 
the copper ions may however be decreased 
below that of the point A' to A" by adding 
potassium cyanide solution to the copper 
salt solution when the copper ions are con¬ 
verted into the complex salt potassium cupro- 
cyanide, K 3 [Cu(CN] 4 ]; the net result is that 
the concentration of the copper ions is so 
extremely low that the polarity of the Daniell cell is reversed. In a con¬ 
centration cell in which there are two similar and externally connected 
electrodes of potentials E l and E 2 respectively immersed in two differing 
conce ntrat 10 n S of the same electrolyte, which are in contact with one 
from / £°™ US P artition > lhe current will flow through the wire 

currervtfl ° ■ r 1 than C *’ whiIst trough the electrolyte the 

ent flow is from the dilute to the more concentrated electrolyte 

Hydrogen Ion Concentrations. Hydrogen electrodes are often employed 

The SfeTTI ,1 \ ^ dro S en , ion concentration in aqueous solutions. 

he potential of the hydrogen electrode is usually measured by combining 

TON Kri Stan . dard i el f Ctr ° de SUCh aS °" e ° f the calomel electrodes. If the 
nn ik i j 0me electrode is employed with an e.rn.f. of + 0-281 volt 
on the hydrogen scale, the e.rn.f. of the combination is— 


At 


-X-1 C 


\C' 


Fig. 111 . Influence of Con¬ 
centration Variation upon 
Cell e.rn.f. 


Ho H 


+ 


1 ON KCI Hg 2 Cl 2 | Hg 


0 058 log,, [H 
(at 18°C) 


0-281 volt 
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Now, the potential, E, of the system, calomel electrode—solution—hydro- 
gen electrode is— J 

^ -^Calomel -^Hydrogen .... (33) 

the calomel electrode being positive. 


Therefore, 

and 


E = 0-281 - 0-058 log 10 [H+] 


- 0-058 log 10 [H+] = 


~ logio[H + ] = 


E- 0-281 
E— 0-281 
0-058 



Now the quantity - log 10 [H+] is known as the p H value of the solution, 
so that— 



E - 0-281 
0-058 



The hydrogen electrode is very sensitive to the presence of alkaloids, 
ammonia, proteins, ions of the noble metals and oxidizing agents such as 
chromates. All these substances cause a progressive drift of the electrode 
potential towards a positive value, a phenomenon known as poisoning. 
In the absence of such poisons however, the hydrogen electrode is capable 
of giving accurate readings over the whole p Q range. 

The Quinhydrone Electrode. When quinone is added to a solution 
containing hydrogen ions the following reversible reaction occurs— 

C 6 H 4 0 2 + 2H+ ^ C 6 H 6 0 2 + 2e . . . (36) 

Quinone Hydroquinone 

If an electrode of bright platinum foil is immersed in the solution the 
electrons are taken up by the electrode, the potential of which is 
measured in the same way as for a hydrogen electrode using a calomel 
electrode to complete the circuit. By direct comparison with solutions of 
known /? H , the e.m.f. of the quinhydrone electrode is given by the following 
expression— 

E = 0-704 + 0 058 log 10 [H + ] . . (37) 

From which 

0-704 - E m - E cal 1 00 ^ 

Ph = -0058- (at 18 C) ’ • • (38) 

where E m = e.m.f. measured on potentiometer 
and E ca i = e.m.f. of calomel cell 

The quinhydrone electrode, although not capable of such general 
application as the hydrogen electrode since it can be employed only in 
solutions of /? H lower than 8, is nevertheless easier to set up than the 
hydrogen electrode and, in addition, it does not require a supply of 
hydrogen. 
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The Glass Electrode. The fact that the potential difference between a 
g ass surface and a solution varies with the p H value of the latter is employed 
as a means of determining the /? u of a solution by means of the glass 
electrode. The glass electrode consists essentially of a thin-walled bulb 
made ^om a low melting point glass of high electrical conductivity (see 
ig. at G) in which is placed a solution of known and constant /? H , 
together with a little quinhydrone and a platinum wire P, to make electrical 

connexion. In use, the glass electrode is placed in the solution under 
investigation X, and a calomel elec¬ 
trode C included to complete the 
circuit. Since the electrical resist¬ 
ance of the glass electrode is very 
high (10-100 megohms) a thermionic 
valve potentiometer must be em¬ 
ployed to measure the e.m.f. of the 
cell. The glass electrode is stan¬ 
dardized in three or four solutions 
of known p u covering the range of 
hydrogen ion concentration under 
investigation and a calibration curve 
drawn connecting the e.m.f. of the 
cell with p u . In actual use the />., is 
read off from this calibration curve FlG ' V, 2 ' 9™“ Arrangement for 
after measuring the e.m.f. of the Use ° f Glass Electrode 

celh The glass electrode can be used in almost all solutions except those 
which are very acid or very alkaline. 

OXIDATION-REDUCTION POTENTIALS 

t VJ noxic,a J ion is us ed in connexion with chemical reactions to imply 
me addition of oxygen, the removal of hydrogen or the loss of electrons 
Oe^the gaming of a positive charge). Conversely, the term reduction is 
! m P‘y a g aillln g of electrons (i.e. a loss of positive charge). The 

eviLn, h *5* “ common factor m oxidation processes is made more 

tinn Tr r y cons,denn S Sl 'ch processes that occur in solution. The oxida- 
of ferrous ions to ferric ions may be depicted as follows— 

Fe++ -> Fe+++ + e . . . . (39) 

may'be'writtena^ ^ aCetaWeh y de to acetic acid b y ™ans of oxygen 

CH 3 . CHO + 20H' - CH 3 . COOH + H,0 + 2e . (40) 

case^h theS j reactions the symbol e representing one electron. In each 
case the oxidation process is accompanied by the liberation of electrons. 



IO (T.447) 
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This result is quite usual so that it is possible to write the following 
general equation— 

Oxidized state -f Electrons ^ Reduced state . . (41) 


It follows therefore that an oxidizing agent may be regarded as a substance 
which reacts in such a manner as readily to take up electrons, becoming 

reduced itself in the process; 
whereas a reducing agent is a 
substance which is capable 
of readily yielding electrons, 
becoming oxidized in the 
process. These “oxidizing- 
reducing” reactions are often 
termed redox reactions. Thus 
a solution containing a mix¬ 
ture of ferrous and ferric ions 
will exhibit either oxidizing or 
reducing properties according 
as to whether it is capable of 
gaining or of losing electrons. 
This tendency may be deter¬ 
mined by immersing in the 
solution a bright platinum 
electrode, as employed for 
measurements with the quin- 
hydrone electrode. If the 
platinum electrode acquires a 
positive charge this indicates 
that electrons have been re¬ 
moved from the electrode; in 
other words the solution 
tends to oxidize the plate. 
On the other hand, if the 
,0 solution is chemically reduc¬ 
ing in nature, the platinum 
electrode will acquire a nega 



-02 


0-2 0 4 0-6 0-8 

Fraction oxidized or reduced 


Fig. 113. Oxidation-Reduction Potentials 


tive charge since the solution yields electrons to the electrode. Thus, on 
the platinum electrode there will be established a potential, the magni 
tude and sign of which will be determined by the oxidizing or the reducing 

power of the system. . 

In order that an oxidizing or a reducing solution may impart a de m 
potential to an unattackable electrode such as platinum it is essentia (a) 
that the oxidized and reduced forms must both be present in de ni e 
amounts, and ( b ) that both forms must be capable of conversion into t e 
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other by an infinitesimally small change in the potential of the system in 
one direction or the other. Examples of such reversible systems are 
provided by ferric-ferrous, stannic-stannous, ferricyanide-ferrocyanide 
and quinone-hydroquinone. 

When a platinum electrode is immersed in any one of these or similar 
solutions it will acquire a definite potential E according to the ratio of the 
oxidized to the reduced form according to the expression— 


E = E 


o 


[concentration in oxidized state] 
hE [concentration in reduced state] 


(42) 


where £ 0 --a constant, known as the standard oxidation-reduction 
potential of the system; R = gas constant; T = absolute temperature; 

oxidized lfl [ erence ln . th f number of the electrons in the reduced and 
idized states respectively; and F = the faraday (96 500 coulombs). 

consfs'teH ,i‘ ndlC f teS th< ; vai r latlon of Potential when initially the solution 

eraduah'u r ° f the reduced State of a S iven System and is 

LSi!v' aS ln , the case of titration with an oxidizing agent. 

solutionis 5o‘ ° lUon - red "‘'! ion P°' e "'‘“lo{the system is that at which the 

caih curve n W. m °*' d,Zed ’ and he "« is S iven by the mid-point of 

a number of 3 ' The standard oration-reduction potentials for 

a number ot systems are quoted in Table 54. 

Table 54 

Standard Oxidation-Reduction Potentials at 25°C 


4 - 4 - 


System 

Co++, Co+++ 

Pb ++ , Pb f+ 

Ce +++ , Ce ++ 

Mn H , MnO/ + 8H‘ 
41*. I0 3 ' + 6H+ 
4Hg 2 ++, Hg++ . 

Fe* + , Fe +++ 

Mn0 4 ", MnO.,' 
Fe(CN) 6 "", Fe(CN), 
Cu+, Cu+ + 

Ti +++ , Ti f +++ 

Sn r +, Sn +f++ 

Cr + +, Cr +++ 


/// 


Potential (volts) 

4- 1-82 
+ 1-75 
+ 1-60 
4- 1-45 
4- 1-20 
4- 0-90 
-!- 0-772 
• 0-664 
4- 0-356 
4- 0-16 
4- 0-06 

- 0-15 

- 0-41 


3 ‘Sit T “«? *■ o«WI* .no,her !y „, m 

fur,her ^ “ ,™ e ISJS 27. above h. The 

oxidation-reduction potentials of two 
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systems, the more completely will that system with the more positive 
potential oxidize the other system. The trend of a curve depicting the 
change of potential on titration, towards the end point of an oxidation 
titration, depends however upon the nature of the titrant. If the standard 
oxidation-reduction potentials are reasonably well separated—that is, 
not less than approximately 0*3 volt—the oxidation reaction goes virtually 
to completion, but if the oxidation-reduction potentials of the two systems 
are close together neither system is able to oxidize or reduce the other to 
any appreciable extent. 

Assuming that these oxidation-reduction potentials are well separated, 
the variations in the potential when an oxidant is added to a reductant 




Titration —^-Excess titront-*\ '^—Titration - >&Excess titrant ->J 

I ,1 I I 

Fig. 114. Oxidation-Reduction Titration Curves 


is such that during the oxidation the potential rises as shown by the curve 
ab (Fig. 114 ( A )), and at the end point, when oxidation is complete, there 
is a sudden rise in the potential, portion be , and the system assumes 
potential values characteristic of that system constituting the oxidizing 
medium. If the oxidation-reduction potentials of the two systems occur 
close together there is a gradual change of potential up to the titration end 
point which is more or less continued as the excess of titrant is added. 
This phenomenon is shown in Fig. 114 ( B) where the curve ef represents 
the titration and the portion gh the addition of a progressively increasing 
excess of titrant. There are available a number of different substances 
which exhibit different colours in the oxidized and the reduced states and 
which are capable of adjusting themselves to the same potential of a 
system to which they are added; such substances are known as oxidation- 
reduction indicators. The potential of a system changes rapidly at t e 
end point of a titration (for example, at point b y Fig. 114 (A)), and 1 
follows that the colour of an oxidation-reduction indicator will a so 
change at this same point, provided that it has been suitably chosen, n 
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dhcr words the standard potential for the indicator must lie between the 
standard oxidatron-reduction potentials for the two systems being titrated 

olidatii? lour chan S e , 1S to be a sharp one. Standard potentials for some 
oxidation-reduction indicators are given in Table 55. In addition for 

s ntr 0 r SU tS , *° h be m bt ^ ed as re S ards a shar P enb point the indicator 

ooteS r a l U lffer by at least °‘ 15 volt from the standard 
potential of the other systems involved. 

Table 55 

_ _ O x id Qt ion-Reduction {Redox) Indicator Characteristics 


Indicator 


Methylene blue 

Diphenylamine 

Diphenylbenzidine 

Ba-diphenylamine sulphon- 
ate (Na 2 S0 4 used to ppt. 
Ba as BaS0 4 ) 

Eriogreen 

Erioglaucine 

Methyl ferroin (5-methyl-1, 
10-phenanthroline ferrous 
sulphate) 

/j-nitro-diphenylamine 

Ferroin (1, 10-phenanthro- 
hne ferrous sulphate) 

N Phenanthranilic acid 


Nitro ferroin (5-nitro-l, 10- 

phenanthroline ferrous sul¬ 
phate) 

Ruthenium tripyridyl 
nitrate J 


i Standard 

Colour Change e.m.f. (N . H 2 
on Oxidation Electrode as 

Reference) 


Blue to 
colourless 
Colourless to 
violet 

Colourless to 
violet 

Colourless to 
reddish-violet 

Reddish- 
yellow to rose 
Reddish- 

yellow to rose 
Red to pale 
blue 

Colourless to 
violet 

Red to pale 
blue 

Colourless to 
pink 


Red to pale 
blue 

Yellow to 
colourless 


(volts) 

0-53 

(Ph = 2-86) 
0-76 

0-76 

0-84 


0-99 


1-00 


102 


106 


1-06 


1*08 


1*25 


Preparation of 
Solution 


0-2 g in 100 ml of 
water 

1 g in 100 ml cone. 
H 2 S0 4 (0 006 M) 

1 g in 100 ml cone. 
H 2 S0 4 (0 003 M) 
3-17 g/litre of water 
(0 005 M) 

01 g/100 ml water 

0*1 g/100 ml water 


1 g in 100 ml cone 

h 2 so 4 


107g in 20 ml of 
5 per cent Na 2 C0 3 
anddiluteto 100 ml 
(0 005 M) 


1-25 



284 


ELECTROCHEMISTRY 


Decomposition Voltage. If a gradually increasing d.c. potential is 
applied to two electrodes composed of bright platinum foil A and C 
(Fig. 115), which are immersed in an electrolyte E composed of a dilute 
aqueous solution of sulphuric acid, the relationship of the applied potential 
to the current flowing through the electrolyte is as shown graphically in 
Fig. 116. This process of electrolysis gives rise to the liberation of oxygen 
and hydrogen at anode and cathode respectively, establishing what are in 
effect two gas electrodes which are capable of exerting a back e.m.f. in 
opposition to that exerted by the battery B. The existence of this back 
e.m.f. may be demonstrated by opening the switch S , after previously 



Fig. 115. Determination of Fig. 116. Current—Applied 

Decomposition Voltage Potential Curve 


allowing the electrolysis to proceed for a few minutes, when the voltmeter 
V will indicate the voltage set up by the oxygen-hydrogen cell. 

At low values of applied potential the very slow rates of diffusion of 
liberated oxygen and hydrogen permit the almost perfect shrouding of 
the electrodes with these gases, and the back e.m.f. which these two gas 
electrodes set up is practically equal to the applied potential. As the 
applied potential is increased the back e.m.f. also increases until a maximum 
value is reached for the latter; this is represented by the point D (Fig. 116). 
This point at which steady electrolysis occurs is known as the decomposi¬ 
tion voltage. 

Polarization of Electrodes. When current is passed into a cell, such as 
the oxygen-hydrogen gas cell described above, so as to raise the potentia 
of the cell terminals above their static value—that is above the decomposi¬ 
tion voltage—the cell is said to be polarized, and the phenomenon exhibite 
is known as electrolytic polarization or simply polarization. 
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In a similar manner, when the potential of a primary cell falls below 
its static e.m.f. value, such a cell is also said to be polarized. It will thus 
be clear that an electrode has a characteristic, reversible potential represent¬ 
ing its condition of equilibrium; if its potential is raised above this figure 
the electrode is said to be anodically polarized , whilst it is cathodically 
polarized when its potential is lowered below the equilibrium value. When 
an electrode is anodically polarized current will flow in one direction; when 
it is cathodically polarized current will flow in the opposite direction. 

In the case of the electrolysis of aqueous solutions of metallic salts 

there are produced differences in the concentration of the electrolyte 
at the electrode surfaces; this pheno 


Dissolution 
of copper 


Deposition 
of copper 



Copper rod 


'fA-Dilute cupric 
A sulphate solution 


• Concen trated cupric 
Sulphate solution 


Fig. 117. Concentration 
Polarization 


menon is known as concentration 
polarization. It can be minimized by 
stirring the electrolyte, by increasing 
the salt concentration, or by raising 
the temperature, but it cannot be en¬ 
tirely eliminated. Thus, for example, 
if an aqueous solution of cupric sul¬ 
phate is electrolyzed between copper 
electrodes, the copper anode dissolves 
giving rise to an increase in the cupric 
ion concentration in its vicinity, whilst 
the deposition of copper on the cathode 
results in an impoverishment of cupric 
ions in the vicinity of the cathode. 

There is established therefore, a con¬ 
centration cell which produces a back 
e.m.f. in opposition to the applied 

e.m f., giving rise to a definite tendency for the concentrations of 

=&ags: ssrir-“ - » 

of 0058 vo " or 

n?T irtrvs,* ;r ki ssz.tsrg 

c«p,» 4 s. s p dow„ “ wi " *« 

tartan. 
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electrode dissolves, thereby increasing the concentration of zinc ions in its 
vicinity and making the potential of this electrode less negative; whilst 
at the copper electrode, copper is “plated” out and the concentration of 
cupric ions in its vicinity reduced thereby rendering this electrode less 
positive. In this specific case, concentration polarization may be mini¬ 
mized by employing saturated aqueous solutions of cupric sulphate and 
zinc sulphate containing crystals of these salts; thus, concentration changes 



Fig. 118. Circuit Arrangement for Studying Electrolysis with 

Constant Current 

are reduced to a minimum and the cell e.m.f. remains practically constant 
when supplying current. 

Depolarization. If an oxidizing agent is added to an electrolytic cell in 
which polarization has occurred due to the accumulation of hydrogen, the 
hydrogen can be removed as fast as it is liberated and the potential of 
the electrode is thereby unaffected. Such an added substance which acts 
in this manner is known as a depolarizer , or more specifically in this 
particular type of example, a cathodic depolarizer. Polarization at an 
anode may be reduced by the addition of a suitable reducing agent which is 

thus termed an anodic depolarizer. til' 

In primary cells various depolarizers are employed; in the Leclancne 

cell, manganese dioxide is used, while in the Poggendorf (dichromate) ce 

use is made of an acid solution of potassium dichromate. Similarly, in 

the calomel half-cell, the solid mercurous chloride acts as a depolarizer 

since it prevents any appreciable alteration in the concentration o 
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mercurous ions in the vicinity of the mercury electrode such as may result 
from the accidental withdrawal from, or passage through the cell of 
excessive current during e.m.f measurements. Similarly, cupric sulphate 
and zinc sulphate in the Daniell cell may be regarded as depolarizers since 
they prevent disturbance of the electrode equilibria. 

Discharge Potentials at Separate Electrodes. Using the apparatus shown 
in Fig. 115 it is possible to determine the decomposition voltages of 
electrolytes other than dilute sulphuric acid. Some typical results are given 
in Table 56. 

Table 56 


Decomposition Voltages of Normal Aqueous Solutions using 

Bright Platinum Electrodes 


Solution 

1 

Decomposition 
Voltage ! 

| 

Solution 

Decomposition 

Voltage 

Sulphuric acid . 

1-67 

Zinc sulphate . 

2-35 

Nitric acid 

1-69 

Zinc bromide . 

1-80 

Phosphoric acid 

1-70 

Nickel sulphate 

209 

Dichloracetic acid 

1 -66 

Nickel chloride 

1-85 

Malonic acid 

1*69 

Lead nitrate 

F52 

Perchloric acid 

1-65 

Cadmium nitrate 

1-98 

Tartaric acid . . 1 

l *62 1 

Cadmium sulphate . 

203 

Sodium hydroxide 

1 -69 

Cadmium chloride . 

1-88 

Potassium hydroxide . 

1-67 

Cobalt chloride 

1-78 

Ammonium hydroxide 

m m « • 

1-74 

Cobalt sulphate 

1-92 

Methylammonium 


Silver sulphate 

0-80 

hydroxide (N/4) 

1-75 

Silver nitrate . 

0-70 

Diethylammonium 




hydroxide (N/2) 

1-68 i 



Tetramethyl- 

| 



ammonium 




hydroxide (N/8) 

j 1-74 



Hydrochloric acid 

1-31 



Hydrobromic acid 

0-94 



Hvdriodic acid . 

0-52 

1 



From the above table it will be noted that all the acids and bases, 
except the halogen acids, have decomposition voltages in the region of 
1-7 volts from which it is argued that although the current is carried by 
different kinds of ions in the different electrolytes, these ions are not 
necessarily those which are discharged; in actual fact the process common 
o the electrolysis of all such aqueous solutions is the cathodic discharge 
ot hydrogen ions and the anodic discharge of hydroxyl ions. 



















Amperes per sq. decimetre 
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In order to determine whether or not any particular ion may be dis¬ 
charged it is necessary to measure the separate potential at each electrode 
during the actual process of electrolysis. This may be done by using the 
circuit arrangement shown in Fig. 118. The variation with current of 
cathode potential for some common metals in aqueous solutions of their 
salts is shown in Fig. 119. The similarity of these curves to that shown in 
Fig. 116 should be noted, the point D (Fig. 116) now corresponding to the 



(Volts) 

Fig. 119. Variation with Current of Cathode Potential 

for some Common Metals 

A = Copper in N.copper sulphate solution E = Nickel in N.nickel chloride solution 

D = Copper in N/10 copper sulphate solution F = Iron in N.ferrous sulphate solution 

C = Cobalt in N.cobalt sulphate solution G = Zinc in N.zinc sulphate solution 

D = Cadmium in N.cadmium sulphate solution 


so-called deposition potential (or discharge potential ) at the particular 
metal electrode. With increasing current the cathode potential becomes 
slightly more negative probably as a result of concentration polarization. 

It has been found that in general the deposition potential of a metal 
is equal to the static or equilibrium potential which the deposited metal 
exhibits in the same solution. The decomposition voltage of an electrolyte 
is equal to the algebraic difference of the potentials of the two separate 
electrodes, and at the decomposition point both electrodes have attaine 
their decomposition potentials and ions may discharge freely at bot 
anode and cathode. 
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The disposition with respect to one another of the curves shown in 
Fig. 119 is of very considerable importance in connexion with the deposi¬ 
tion of metals both in respect of the technological aspects of metals and 
alloy deposition in practical electroplating, and also in respect of the 
analytical separation of metals by electrodeposition. If a steadily increas¬ 
ing e.m.f. is applied to an electrolytic cell, the single potential of the cathode 
becomes increasingly more and more negative, whilst the anode becomes 
increasingly positive, so that if a number of processes are possible at an 
electrode surface they will occur in order as the electrode potential attains 
the value corresponding to each such process. Thus, in an electrolysis using 
bright platinum electrodes in an acid solution of copper sulphate, the 
deposition potential of cupric ions is approximately -p 0-34 volt—namely, 
the same as the static equilibrium potential—whilsuhe deposition potential 
of hydrogen ions is approximately - 0-1 volt; therefore the deposition of 
copper on the cathode will occur in preference to the liberation of hydrogen 
at the same electrode since the former has the least negative potential. 
When the copper has been almost completely deposited from solution 
then on increasing the applied e.m.f., so that the cathode becomes more 
negative, the evolution of hydrogen occurs. 

As the concentration of the ions of the deposited metal decreases 

during the electrolysis, its deposition potential becomes progressively 

more negative and may even in fact approach that for the deposition of 

another metal. Thus, from equation (32 a) it follows that the electrode 

potential of a metal is diminished by 0 058//; volt (where n = valency) for 

each ten-fold reduction of the metal ion concentration. This general 

tendency is exemplified by curves, B and A (Fig. 119), the former depicting 

the cathode potential of copper in 01N cupric sulphate solution, and the 

latter the cathode potential of copper in a normal solution of the same 

salt. II at the commencement of electrolysis the concentration of the metal 

ion is C, then with a bivalent metal like copper the cathode potential E , 
will be— r 


and since // = 




0-058 , 

„ - log^Q 


2 in this case— 


(32 a) 


E i = E 0 + 0 029 log 10 C, . . . ( 43 ) 

If deposition is allowed to continue until the metal ion concentration is 
one tenth of its initial value, then the new cathode potential, E( will be_ 

£ i' = E 0 + 0 029 log 10 (C! x 10 1 ) 

= E « + 0 029 log 10 Cj + 0 029 log 10 10 _1 
= (E 0 + 0 029 log 10 Q) - 0 029 

= potential at commencement of deposition 0 029 volt ( 44 ) 
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The changes in cathode potential taking place during electrolysis of 

solutions from which discharge either univalent or bivalent ions are given 
in Table 57. & 


Table 57 

Changes in Cathode Potential 


Concentration of Metal Ions 

1 

Cathode Potential (volts) 

Univalent Ions 
Being Discharged 

Bivalent Ions 
Being Discharged 

Initial concentration (C) . 

E x 

E x ' 

CxO-1 

E l - 0-058 

E x - 0-029 

c x 0-01 . 

Ej- 0-116 

E x - 0-058 

C x 0-001 .... 

E x - 0-174 

E x - 0-087 

C x 10“ 4 . 

E x - 0-232 

E x — 0-116 

C x 10- 5 ... * 

E x - 0-290 

E x - 0-145 

c x 10 - 6 .... 

E x - 0-348 

E x — 0174 


Since in electrolytic analysis it is desirable that the metal ion concen¬ 
tration at the end of the determination should be below 0 0001 of the initial 
concentration, it is necessary that the final voltage drop at the cathode 
should be 0-232 volt in the case of a univalent metal and 0-116 volt for a 
bivalent metal. In other words, an excess voltage of 0-25 volt would 
reduce the metal ion concentration to such a low value as to be undetectable 
by the ordinary methods of chemical analysis. 

It also follows that in a mixed solution of two metal salts, the analytical 
separation of one metal from the other may be effected if the initial 
deposition potentials of the two metals differ by not less than 0-25 volt. 
Thus, in the case of a solution containing molar quantities of cadmium 
and zinc salts, on electrolysis cadmium commences to be deposited when 
the cathode potential is approximately — 0-4 volt, whilst zinc does not 
begin to be deposited until the cathode potential is approximately 
— 0-76 volt. Since these two metals have initial deposition potentials 
differing by 0-36 volt an effective analytical separation of one metal from 
the other is readily possible. 

Overvoltage. Although at a platinized platinum electrode hydrogen is 
liberated from dilute sulphuric acid practically at the reversible hydrogen 
potential for that solution, when electrodes of other metals are employed 
a more negative potential is required to bring about hydrogen liberation. 
The voltage difference between the reversible hydrogen potential and that 
at which visible gas evolution occurs at a metal electrode in the same 
solution is known as the hydrogen overvoltage of the metal concerned. 
Some typical values for hydrogen overvoltage are given in Table 58. 
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Table 58 


Hydrogen Overvoltages in Dilute Sulphuric Acid 


Metal Constituting 
Cathode 

Hydrogen Overvoltage 
(volts) 

Platinized platinum . 

0005 

Gold. 

002 

Iron (in NaOH) 

008 

Smooth platinum . . . 

009 

Silver 

015 

Nickel 

0-21 

Copper . 

0-23 

Cadmium . . ! 

0-48 

Tin . 

0-53 

Lead 

0-64 

Zinc ... 

f • | 

0-70 

Mercury 

0-78 


Taking a specific example, these results mean that whereas gaseous 

ydrogen is evolved from a mercury cathode in dilute sulphuric acid when 

the cathode potential has a value on the hydrogen scale of - 0-78 volts, at 

a nickel cathode in the same electrolyte, hydrogen will be evolved when this 

e ectrode s potential is only — 0 21 volt. The overvoltage decreases as the 

surface of the cathode becomes more rough, and increases as the current 
density increases. 

Overvoltage effects are also noted in the liberation of oxygen at the 

anode. Values for oxygen overvoltages for a number of metals are piven 
in Table 59. 6 


Table 59 


Oxygen Overvoltages in Dilute Sulphuric Acid 


Metal Constituting 

Anode 

Oxygen Overvoltage 
(volts) 

Nickel (spongy) 

005 

Nickel . 

0-12 

Cobalt ..... 

013 

Iron.; 

0-24 

Platinized platinum . . .j 

0-24 

Lead.! 

0-31 

Silver 

0-41 

Smooth platinum . 1 

0-44 

Gold ; 

0-53 
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Now the theoretical value for the e.m.f. of the hydrogen-oxygen cell 
as calculated from free energy data is 1-22 volts, and using bright platinum 
electrodes for the electrolysis of dilute sulphuric acid, the hydrogen and 
oxygen overvoltages are 0-09 volts and 0-44 volt respectively. Thus, the 
decomposition voltage of this acid, and indeed all acids (and alkalis) 
yielding gaseous oxygen and hydrogen at anode and cathode respectively, 
should be equal to the sum of the theoretical gas cell e.m.f. and the two 
overvoltages; that is 1-22 + 0-09 + 0*44 = 1-75 volts. Reference to 
Table 56 shows that in general such is the case. 


Anode 




I 

I 

I 

I 


I 


Y. 




Electrolyte 


Cathode 



Anode 



I}. 7 ’?. * 

Cathode 


(b) 


Fig. 120. Variation of Potential through a Simple Electrolytic 
Cell ( a ) when the Electrode Equilibria are Established, but no 
Current is Passing, and ( b ) when Current is Passing and 
Electrolysis is therefore Taking Place 


Thus, in order that any particular electrolysis may proceed at a given 
rate the applied voltage must exceed the reversible decomposition voltage 
E by an amount dependent on the following factors— 

(i) The cathode polarization, 7r c volt, at the current density employed. 

(ii) The anodic polarization, Tr a volt, at the current density employed. 

(iii) The electrical resistance, R ohm, of the current path from anode 
to cathode through the electrolyte; this resistance includes that of a 
diaphragm where such is employed to separate the anolyte from the 
catholyte. If the current is / amp., then the voltage drop through the 
electrolyte will be IR volt. 

Thus, the voltage V which must be applied to an electrolytic cell to cause 
electrolysis to proceed at a given rate is represented by the following 
expression— 

V = E + IR 4- 7T C + 7r fl volts 
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Fig. 120 depicts diagrammatically the variation of potential through a 
simple electrolytic cell, (a) when the electrode equilibria are established, 
but no current is passing, and (/?) when current is passing and electrolysis is 
therefore taking place. In this diagram, e t and e c represent the electrode 
potentials of the anode and cathode respectively. 

Simultaneous Electrodeposition of Metals. If the deposition potentials 
of two metals are such that one of the metals is appreciably less negative 
than the other, the current-density/cathode-potential curves will be as 
shown in Fig. 121. At all reasonable values of current density the deposit 
will consist solely of metal A, since the deposition potential in metal B is 
not attained. Such is the case with the two metals copper and zinc which 
may be deposited separately from aqueous solutions of their mixed sul¬ 
phates since the deposition potentials of copper and zinc are + 0-34 volt 



Fig. 121. Cathode Potentials for 
Two Metals when Alloy De¬ 
position is Impossible 



Cathode 

Potential 



Fig. 122. Cathode Potentials for 
Two Metals when Alloy De¬ 
position is Possible 


and - 0-76 volt respectively. This condition is desired in analysis for 
the quantitative separation of two metals by electrodeposition. 

It should be noted, however, that the deposition potentials may be 
varied by changing the electrolyte so that under the changed conditions 
analytical separation may not be possible. For example, if an excess of an 
alkali cyanide is added to the mixed aqueous solution of copper and zinc 
sulphates, both these metals form complex cyanides from which solution 
both copper and zinc are simultaneously electrodeposited as an alloy, when 
the cathode potential is approximately - 10 volt. This simultaneous 
electrodeposition of two or more metals whose deposition potentials are 
nearly equal, i.e. alloy deposition, is of considerable technological 

importance. In alloy deposition the current-density/cathode-potential 

thr2 eS ‘ e -u r Se to S e,her ’ but in respect of their mutual disposition 
three possibilities are open; namely, ( a) the two curves for the two 

metals A and B may be more or less parallel to one another as depicted 

Mg. 122 at /; ( b) with increasing current density the two curves mav 

diverge as shown in Fig. 122 at //; and finally, there is the possibility that 
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the two curves may converge, intersect and then diverge as shown in 
Fig. 122 at III. 

If it is assumed that metal A is more noble than metal B , then only A 
will be deposited until a current density is attained at which the cathode 
potential corresponds to the deposition potential of metal B\ when this 
condition exists metals A and B will be deposited simultaneously. Further 
increase in current density causes the co-deposition of both metals in 
proportions dependent upon the disposition of the curves. In general, 
however, metal A deposits at a rate proportional to the current density d x 
(Fig. 122), and metal B to d 2 where d x and d 2 are the current densities at 
which metals A and B both have the same cathode potential. Thus, 
when both metals have the same cathode potential the fraction dj(d 1 -f *4) 
of the total current will be used in depositing metal A , and the fraction 
+ *4) m depositing metal B , and the deposit will consist of metals A 
and B in the ratio of d x to d 2 equivalents. 

In the case depicted in Fig. 122 at /, (d 1 — d 2 ) is almost constant and the 
ratio djd 2 decreases with increasing current density; the proportion of 
metal A in the deposit therefore decreases as the current density increases. 
In Fig. 122 at II the ratio djd 2 remains almost constant with increasing 
current density and thus the composition of the deposit will also remain 
constant. In Fig. 122 at III the deposit will consist of equivalent amounts 
of the two metals when the current density corresponds to the point of 
intersection of the two curves; below this particular current density, 
however the deposit will consist of an excess of metal A , whilst at current 
densities in excess of that of the point of intersection the deposit will 
contain an excess of metal B. In actual practice there is always some 
metal ion impoverishment in the catholyte and this favours the deposition 
of the less noble metal. 

Simultaneous Electrodeposition of Metal and Hydrogen. Although in the 
discussion just concluded the only ions suffering discharge were taken to 
be metal ions, the electrolysis of aqueous solutions very often involves the 
cathodic discharge of hydrogen ions. If at all current densities the deposi¬ 
tion potential of a metal is more positive than that of hydrogen, only the 
metal will be deposited; in this case, curve B (Fig. 121) may be regarded 
as representing the current-density/cathode-potential curve for hydrogen. 
Such is the case when aqueous solutions of copper sulphate are electrolyzed. 
If, however, an excess of an alkali cyanide is added to this solution the 
deposition potential of copper is changed to a much more negative value, 
more negative in fact than that of hydrogen; in other words, curve A 

(Fig. 121) now represents the current-density/cathode-potential curve 

for hydrogen, whilst curve B represents that for copper; from such a 
solution, hydrogen is discharged preferentially. This condition a so 
applies to metals which decompose water and in such cases even t e 
reduction of hydrogen ion concentration by the employment of neutra 


ELECTROPLATING 


295 


solutions is of no avail in assisting the preferential deposition of the 
metal. 

Metal and hydrogen are capable of simultaneous deposition when their 
current-density/cathode-potential curves are related to one another as 
shown in one or other of the three variants depicted in Fig. 122. In such 
cases the efficiency of metal deposition will be affected by variation of 
current density in the manner as described above under the discussion of 
the simultaneous electrodeposition of metals. 


ELECTROPLATING 

Electroplating is the commercial production by electrodeposition of 
coatings of metals or of alloys on metallic objects, and to some extent on 
non-metallic objects (e.g. plastics and ceramics). Such electrodeposited 
coatings are usually very thin (e.g. 0 00001 - 0 001 in.), although for 
certain engineering purposes thicker coatings (e.g. 0 0625 — 0-125 in.) 
are employed. 

Electrodeposited coatings are often laid down with the object of 

enhancing the corrosion resistance of the underlying base metal; in this 

way articles may be fabricated from low cost materials (e.g. steel) which 

are subsequently electroplated to lengthen their useful working life. 

The thinner electrodeposited coatings are also often employed to 

enhance the decorative appearance of the plated article. The process of 

electrodeposition thus assumes considerable economic importance in 
industry. 

Thick electrodeposits are applied to engineering components either 
(a) for the purpose of laying down on the body of the article (e.g. engineer¬ 
ing inspection gauges) a hard, and therefore wear-resistant, coating; for 
this purpose chromium is widely employed; or alternatively, (b) with the 
object of building up to correct dimensions, engineering components 
which have become partly worn away in service (e.g. hydraulic ram shafts), 
or components which have become overmachined during fabrication and 
which if not built up by electrodeposition would have to be scrapped; 

for such building up purposes nickel is widely employed as the electro¬ 
deposited metal. 

In technical electroplating the article to be coated constitutes the 

cathode in an electrolyte containing ions of the metal to be plated out. 

1 he anode is often the same metal as that undergoing deposition on the 

cathode, such anodes being termed soluble anodes. In certain electro- 

p ating processes (e.g. chromium plating) insoluble anodes are employed, 

the metal plated out being derived entirely from the metallic salt dissolved 
in the plating bath. 

, the ob J ect of obtaining firmly adherent and impervious electro- 
deposited coatings it is necessary that, previous to electroplating, the bas? 
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metal should be freed from foreign matter. Such foreign matter may 
be of two kinds— 

(1) Rust , scale and tarnish coalings and similar matter. These are 
removed by processes of mechanical abrasion and by pickling in acids; 
generally sulphuric acid is employed although hydrochloric acid and 
other acid solutions are sometimes used. The process of electrolytic 
pickling is also employed in which the object to be treated is made the 
cathode in an electrolyte usually consisting chiefly of sulphuric acid, 
the anodes being of lead. The temperature of the electrolyte may be 
varied from room temperature to nearly boiling point. 

(2) Grease, oil, lacquer, paint and dirt. These are removed by immersion 
of the work in alkaline cleaners which olten contain oxide-solvent sub¬ 
stances such as cyanides, and detergents such as trisodium phosphate. 
Sometimes the work undergoing cleaning is either made the cathode in 
such solutions, or alternatively made anode and cathode alternately. In 
such electrolytic baths cleaning takes place partly as a result of the forma¬ 
tion of free alkali at the cathode, and partly due to the cathodic liberation 
of hydrogen which helps to remove mechanically the films of grease, 
oil, etc., and to assist in their emulsification. In many plating plants 
grease is often removed by immersion of the work in the vapour of organic 
solvents (e.g. trichlorethylene). 

After cleaning, the work is subjected to mechanical polishing, and in 
certain cases to further pickling by immersion in a solution known as a 
bright dip consisting of a mixture of concentrated sulphuric and nitric 
acids. 

The plating bath itself may be regarded as being made up of one or more 
of a number of different components— 

(a) The salt or the acid from which the metal is deposited. 

( b) Buffer additions should it be necessary to operate the bath over a 
narrow p H range. 

(r) Addition agents to prevent “anode passivity,” that is, to increase 
the rate of solution of the anode if the salt or the acid detailed as com¬ 
ponent (a) is insufficiently corrosive in respect of anode attack. 

(d) An additional salt to enhance the electrolytic conductivity of the 
plating bath, should this not be of a sufficiently high value by the presence 
of component (a). 

( e ) Addition agents to affect the crystalline nature of the electrodeposit. 

Plating baths differ considerably in that some contain all the above 

mentioned components, whilst in others, one substance is capable of 
acting in more than one capacity. For example in the Watts type nickel 
plating bath, nickel sulphate provides the metal ion, boric acid serves as a 
buffer to maintain the p Q of the solution within close limits, ammonium 
chloride increases the conductivity of the bath, and nickel chlori e 
assists solution of the anode. Metals are electrodeposited within speci c 
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ranges of current density and temperature outside which unsatisfactory 
deposits are obtained. 

Table 60 


Chief Characteristics of Typical Plating Baths 


Metal or 
Alloy 

Bath Type 

Anode 

1 

Current 

Density 

(Amps/ft 2 ) 

Temperature 

(°C) 

Cadmium 

Alkaline cyanide 

Cadmium 

10-30 

20-30 

Chromium . 

Chromic acid 

Antimonial 


Cobalt. . 


i lead 

100-200 

45-60 

Single sulphate 

Cobalt 

30-150 

Up to 35 

Copper . | 

(a) Acid sulphate 

Copper 

25-30 

Room temp. 


( b ) Alkaline cyanide 

Copper 

10-20 

35-40 

Gold . . 

(c) Rochelle salt 

Copper 

20-60 

60-70 

Cyanide 

Gold, carbon, 

1-5 

60-80 

Iron . 


stainless 
steel or 
platinum 



(a) Chloride 

A 

Iron 

100-180 

90-110 

Lead . 

(b) Double sulphate 

Iron 

20-30 

20-30 

Fluoborate 

Lead 

10-30 

20-30 

Nickel 

Single sulphate 

Nickel 

20-10 

20-35 

Platinum 

Phosphate 

Carbon or 

1 ; 

70 

Rhodium 

(a) Acid sulphate 

platinum 

Platinum 

10-100 

40-45 

Silver . 

(h) Acid phosphate 

Platinum 

10-40 

30-40 

i Cyanide 

Silver (999 fine) 

5-10 1 

15-25 

Tin 

(a) Chloride 

Tin 

10 

50 


i ( b ) Alkaline stannate 

Tin j 

10-20 

70-80 

Zinc . 

(c) Acid bath 

Tin 

5-10 

20-30 

(a) Sulphate 

Zinc 

10-30 

20-30 


(b) Chloride 

Zinc 

15-150 

20-40 

Brass . 

(c) Alkaline cyanide 

Zinc 

8-20 

40-50 

Cyanide 

Brass (67-80 

10-30 

40-60 

Bronze 

Cyanide 

percent Cu) 
Separate tin 

25 

65 



and copper 

_ 1 




nf,T he H eI n Ct T dep ° Sited coatin g after withdrawal from the plating bath is 
snr-h , ° f 3 ma “ a PP earance and lacking in lustre, so that after drying 
™ ,s usua “y P ol ' s hed or buffed with abrasives such as tripoli and 

of for aCCOU " t ? f the shorta g e of trained personnel for this process 
polishing, and also because of the economic advantages obtained 
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thereby^ increasing use is being made at the present time of the so-called 
bright plating baths from which plated work may be taken bright and 
requiiing little or no subsequent polishing. For similar reasons there are 
also employed electrolytic polishing solutions” in which dull, matt 
electrodeposits may be rendered bright and highly reflective; in such 
solutions, which often contain sulphuric acid and orthophosphoric acid, 
the plated work is made the anode. A summary of some of the chief 
characteristics of typical plating baths is given in Table 60 on p. 297. 
Some typical examples of plating baths are given below— 

Cadmium 

Cadmium cyanide, Cd(CN) 2 41 g 
Sodium cyanide 49 g 

Water 1 litre 

Pa = 12-0- 130 

Chromium 

Chromic acid, Cr0 3 500 g 


Sulphuric acid 2-5 g 

Water 1 litre 

Cobalt 

Cobalt sulphate 450 g 
Boric acid, H 3 B0 3 31 g 

Sodium chloride 12*5 g 
Water 1 litre 


Copper 

Copper electrodeposits are widely employed as undercoats for other 
electrodeposited metals (e.g. nickel and chromium). 

(i a ) Acid sulphate bath 

Copper sulphate 150-200 g 
Sulphuric acid 25-37 g 
Water 1 litre 

The sulphuric acid of this bath improves the electrolytic conductance 
and prevents rough deposits. The acid sulphate bath is used for electro- 
typing (or electroforming), that is the reproduction of surfaces for printing 
processes; for the production of printing rollers employed for the rotary 
printing of textiles, as well as for the general electrodeposition of copper. 
This bath however cannot be used for the direct electrodeposition of 
copper on metals which displace copper from aqueous solutions of copper 
salts (e.g. iron, steel). For such metals, an initial deposit of copper must 
first be laid down in the alkaline cyanide bath quoted below, this coating 
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being followed by deposition of the major portion of the coating in the 
acid sulphate bath. 

( b ) Alkaline cyanide bath 

Copper cyanide, CuCN 25 g 
Sodium cyanide 37-5 g 

Sodium carbonate 12-5 g 

Water 1 litre 


The free cyanide, namely that uncombined with copper as sodium 
cuprocyanide, Na 2 Cu(CN) 3 , keeps the anode free from insoluble copper 
cyanide. The chief application of the alkaline cyanide bath is for the 
electrodeposition of copper on ferrous objects. 


(c) Rochelle salt bath 

Copper cyanide, CuCN 28 g 

Sodium cyanide 37.5 „ 

Rochelle salt, KNaC 4 H 4 0 6 .4H,0 47 g 

Sodium carbonate ” 15-5 p 

Water 1 litre 

P H = 12*5- 12-8 




Gold 

Metallic gold (as cyanide) 4-2 g 
Potassium cyanide 15 g 

Water 1 litre 


Iron 


(a) Chloride bath 



Ferrous chloride, FeCl 2 .4H 2 0 300 g 
Calcium chloride 33 s a 

1 litre 


Double sulphate bath 

Ferrous ammonium sulphate 

Sulphuric acid 

Water 


350 g 
0-25 g 
1 litre 


Lead 


Basic lead carbonate, Pb(OH).,. 
Hydrofluoric acid (50 per cent) 
Boric acid, H.>BO, 

Glue 

Water 


PbC0 3 300 g 
480 g 

212 g 

0-2 g 

1 litre 
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Watt's type bath 

Nickel sulphate, NiS0 4 .7H 2 0 105 p 

A • « « • a ^ 


Ammonium chloride 15 g 

Nickel chloride, NiCl 2 .6H 2 0 15 g 

Boric acid, H 3 BO a 15 g 

Water 1 ii tre 

/>h = 5*6-5*8 


From the Watt’s type bath, nickel comes out dull and there are at 
present in use a number of so-called “bright” nickel plating solutions 
from which highly lustrous nickel electrodeposits may be obtained. 

Platinum 


Platinum (as chloride) 5 g 

Di-amrtionium hydrogen phosphate, (NH 4 ) 2 HP0 4 45 g 
Disodium hydrogen phosphate, Na 9 HP0 4 . 12H 2 0 240 g 
Water “ 1 litre 


Rhodium 

( a) Acid sulphate bath 

A solution containing 2 g/litre of metallic rhodium and 20 ml/litre 
of sulphuric acid. 

(b) Acid phosphate bath 

A solution containing 2 g/litre of metallic rhodium and 40 ml/litre 
orthophosphoric acid. 

Rhodium is only applied in the form of extremely thin coatings, usually 
not more than one millionth of an inch in thickness. This metal is often 
deposited on top of a silver electrodeposit with the object of preventing 
the tarnishing of the silver. In appearance, rhodium is similar to silver, 
but is much harder. 

Silver 

Silver cyanide, AgCN 40 g 

Potassium cyanide 55 g 

Potassium carbonate 35 g 

Water 1 litre 

With the object of obtaining highly lustrous deposits of silver, carbon 
disulphide is often added to the above bath in small amounts, for example 
1/100 fluid ounce per 100 gallons of solution. Silver platings are used not 
only for decorative purposes, but also as coatings for base metal utensils 
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for use in the food industries', and on electrical contacts, particularly on 
radio equipment for use at ultra high frequencies. 

Tin 


{a) Chloride bath or Alkaline stannite bath 


Stannous chloride, SnCl 2 . 

2H.,0 30 g 

Sodium hydroxide 

75 g 

Glucose 

60 g 

1 litre 

Water 

(/>) Alkaline stannate bath 

Sodium stannate, Na 3 SnO ; 

5. 3H.,0 80 g 

Sodium hydroxide (free) 

12 g 

Sodium acetate 

15 p 

Water 

(c) Acid tin bath 

5 

1 litre 


Stannous sulphate 

Cresol sulphonic acid 

Free sulphuric acid 

Gelatin 

Beta naphthol 

Water 


55 g 


100 g 
60 g 

2 g 
1 g 

1 litre 

bc~ U nf h iS ' CSS P r °, teaive on steel than either zinc or cadmium- 
because of its cathodic cnaracteristics relative to the base metal—it is 

extensively used for the coating of mild steel sheet andincreasin'! 

proportion of such tinplate is coated by electrodeposition. Tin is electro- 

Sirs “isn on ■> s kS„ 

reXl/eSoSi' Pa, ' S “ d ™"> d °“" -« 

Zinc 

(a) Sulphate bath 

Zinc sulphate, ZnSO.,. 7H,0 
Ammonium chloride 
Aluminium sulphate, A1,(S0 4 )., . 18H.T) 

Water 

As a brightener, additions of 1 g/li,re of liquorice are often made. 

(b) Chloride bath 

Zinc chloride 
Sodium chloride 

Aluminium chloride, A1CL . 6H,0 
Water 

Pa = 3 * 5 - 4’5 


240 g 

30 g 
1 litre 


150 p 
250 g 

2 5 g 

1 litre 
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(c) Alkaline cyanide bath 

Zinc cyanide, Zn(CN) 2 
Sodium cyanide 
Sodium hydroxide 
Water 


57 g 
50 g 
69 g 
1 litre 


Brass 


Copper cyanide, CuCN 
Zinc cyanide, Zn(CN) 2 
Sodium cyanide 
Water 

Ph 


21-35 g 
63-103 g 
83-131 g 
1 litre 
10*5—11 *5 


Bronze. In recent years a copper-tin alloy known as “speculum,” 
containing 55 per cent copper and 45 per cent tin, has become of import¬ 
ance as an electrodeposited coating for tableware, bathroom fittings, 
jewellery, etc. This alloy has good wearing properties, does not tarnish 
readily, is unattacked by most foods and has a pieasing appearance. A 
typical plating bath for this alloy is as follows— 


Copper cyanide, CuCN 

n?g 

Sodium stannate, Na 2 SnO s . 

3H 2 0 90 g 

Sodium hydroxide (free) 

15 g 

Sodium cyanide (free) 

16 g 

Water 

l[litre 


Corrosion 


Under certain conditions, metals and alloys are capable of direct chemical 
attack resulting from which the corrosion product or products accumulate 
on the surface, becoming thicker and thicker with the passage of time, 
thus causing the rate of corrosion to become slower and slower. Probably 
the most common, and the most destructive types of corrosion, however, 
are those due to electrolytic action. The chief factors influencing this 
type of corrosion are— 

(1) The electrode potential of the metal subjected to attack. 

(2) The metal ion concentration in the electrolyte in contact with the 
metal suffering attack. 

(3) The hydrogen ion concentration, that is, the p n value, of the 
electrolyte. 

(4) The hydrogen overvoltage of the metal. 

It is to be emphasized that there are many other factors which have an 
influence upon metallic corrosion by electrolytic action but probably those 
enumerated above are the more important. 

Dealing with the first factor it will be recalled that those metals exhibiting 
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electrode potentials which are negative with respect to hydrogen are cap¬ 
able of displacing from aqueous solutions of their salts those metals whose 
electrode potentials are more positive. Thus iron will displace copper 
from copper sulphate solution, and zinc will displace silver from silver 
nitrate solution. These facts become of importance in deciding on suitable 
protective metallic coatings for those metals less noble than hydrogen. Of 
particular interest is the case of iron (and of course, steel) for which two 
metallic coatings, tin and zinc, are widely employed in the commercial 
production of tinplate and galvanized steel. The normal electrode poten¬ 
tials of iron, zinc and tin are as follows— 

Normal Electrode 
Potential (volts) 

- 0-762 

- 0-44 

- 0-136 

Thus when imperfect tinplate is exposed to a slightly acidic electrolyte 
(e.g. rainwater) the galvanic couple established between the steel base and 
the tin coating is such that the 
iron behaves as the anode, being 
higher in the electrochemical 
series than tin. Current flows 
therefore from the anodic iron, 
through the electrolyte to the 
tin, completing the circuit by 
flowing from the tin through the 
metallic interface to the iron (see 
Fig. 123). The net result of this 
process is the general solution Fig. 123. Corrosion of Imperfect 
of the iron with the subsequent Tinplate 

formation of rust in the presence 

of air. Imperfections in tinplate therefore tend to grow in size with 

exposure to electrolytic attack. On the other hand, when imperfect 

galvanized steel is exposed to similar conditions, the zinc, being slightly 

higher than iron in the electrochemical series, functions as the anode in 

the galvanic couple set up and thus the current flow is in the opposite 

direction to that obtaining in the case of tinplate, that is, as shown in 

ig. 124. In other words, zinc tends to be plated out on to the iron 

exposed at the bottom of the imperfections. This solution of zinc in the 

neighbourhood of imperfections on galvanized steel is termed sacrificial 
corrosion of zinc. J 



Metal 


Zinc 
Iron . 
Tin . 
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The metal ion concentration in the electrolyte is also of importance 
in determining the magnitude of electrolytic corrosion since, as the metal 
ion concentration rises, the electrode potential of that same metal immersed 

in such an electrolyte becomes less negative, thereby lowering the tendency 
for corrosion to occur. 

With regard to the influence of hydrogen ion concentration upon 
electrolytic corrosion, it is often the case that with increase in hydrogen ion 
concentration (i.e. lowering of p u value) the magnitude of the corrosion 
is increased. 

With respect to the hydrogen overvoltage, it may be said that whenever 
a metal is in contact with, or has deposited on it, or included within it as a 
separate phase, a more noble metal exhibiting a small hydrogen overvoltage, 

then the rate of solution (i.e. cor¬ 
rosion) of the base metal is in¬ 
creased. Thus, pure zinc is only 
attacked slowly by dilute acids, but 
when such zinc is connected to a 
piece of copper and both metals 
are dipped simultaneously into the 
same dilute acid the rate of solu¬ 
tion of the zinc is increased very 
considerably whilst hydrogen is 
evolved at the copper which, func¬ 
tioning as a cathode, exhibits a 
low hydrogen overvoltage of only 
about 0*2 volt. The same effect is observed when a little copper sulphate 
is added to a dilute acid in which zinc may be immersed, since copper is 
deposited at various points on the zinc surface by simple chemical dis¬ 
placement with the result that a large number of local short-circuited 
galvanic couples are set up. This type of corrosion, which is known as the 
“hydrogen evolution” type of corrosion, can only occur when the electrode 
potential of the base metal is more negative than that at which hydrogen 
evolution, allowing for overvoltage, takes place at the more noble metal. 
Thus, if the hydrogen ion concentration of the electrolyte is reduced, the 
potential of the more noble metal is made more negative so that it is 
sometimes possible to increase the p u until this particular type of corrosion 
ceases. If however, the hydrogen is prevented from accumulating at the 
more positive electrode, the potential of this electrode will assume a more 
positive value with the result that the rate of solution of the more negative 
metal will be increased. This condition obtains in the presence of oxygen, 
which thus functions as a “depolarizer” and oxidizes the hydrogen. In this 
connexion it is important to appreciate that unless special precautions are 
taken to exclude air, oxygen is always present during the corrosion of 
metals. In general, therefore, when two metals in contact are immersed in 
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Fig. 124. Corrosion of Imperfect 
Galvanized Sheet 
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an electrolyte in the presence of air, the less noble metal will dissolve irre¬ 
spective of the hydrogen overvoltage at either metal. Thus, reverting to the 
corrosion of imperfect tinplate, although in the absence of oxygen the high 
hydrogen overvoltage at tin (0-53 volt) would prevent appreciable anodic 
solution of the iron, in the presence of air the iron is readily corroded. 

The tendency for corrosion to occur is thus increased by the existence of 
a large potential difference between the two elements of a galvanic couple, 
and even quite small potential differences are sufficient to cause corrosion 
in the presence of a depolarizer. Such small potential differences may 
exist between the various portions of the surface of an apparently uniform 
piece of metal or alloy; for example, when a polycrystalline mass of pure 
metal or a solid solution is subjected to mechanical straining, certain 
portions (i.e. the strained portions) are generally less noble than the 
unstrained portions so that on immersion of such material in an electrolyte 
in the presence of a depolarizer there will be established a number of 
short-circuited galvanic couples. 

It is possible even for noble metals to be corroded in the presence of a 

depolarizer. For example, although copper is not normally regarded as 

being attacked by cold dilute sulphuric acid, it is dissolved in this acid if 

air is bubbled through the solution. In actual fact, in acid solution it 

seems very likely that a very small accumulation of hydrogen must be 

piesent on the copper and in the presence of a depolarizer (oxygen in this 

case) the hydrogen is oxidized as fast as it is discharged with the result 

that solution of the copper occurs. In a similar manner the vigorous 

action of nitric acid on copper may be explained as being due to the 

depolarizing action of the acid; in this case hydrogen is not obtained 

from the reaction, but reduction products of nitric acid. In the above 

discussion it has been assumed that the depolarizer is distributed evenly 

over the surface of the metal. Such a condition however, does not always 

ex j st when oxygen is the depolarizer and a type of corrosion known as 

differential oxygenation (or differential aeration) may occur. If oxygen is 

able only to reach certain portions of the surface of a metal, depolarization 

of hydrogen will occur more readily in these regions which will, therefore 

assume a more positive potential than other portions of the metal surface 

which are not so highly oxygenated. The potential difference thus estab- 

lisheu leads to corrosion taking place at those parts of the metal surface 

to which oxygen has not access. Differential oxygenation explains the 

rusting of iron preferentially under those portions'of the surface covered 

with wet rust; air does not have access to such rust-covered areas which 

thus become negative in potential with respect to those areas not coated 
with wet rust. 


Differential oxygenation also provides the reason for corrosion of any 

metal partially covered with a protective film, for example, that at the 
bottom of pits in a metal surface. 
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The Protection of Metals and Alloys Against Corrosion 

In the case of most metals and alloys in everyday use the metallic state is 

not the most stable; in fact, one may go further and say that those metallic 

materials which are normally regarded as exhibiting corrosion resistance 

do so on account of the formation by corrosion of self-formed protective 

films which in certain cases are so thin as to be invisible to the naked eye, 

but nevertheless are capable of resisting the penetration of corrosive 

agencies. Protection against corrosion therefore involves film formation 

and maintenance in the light of their characteristics, both chemical as well 

as physical. This is a matter of very considerable economic importance. 

Such protective films may be formed either by ( a ) a pre-service treatment, 

or ( b ) by corrosion in its early stages; only the former of these processes 
will be discussed here. 

The chief types of protective films produced by pre-service treatment are 
as follows— 

Chemical compounds such as oxides, phosphates, chromates and 
sulphides. 

Metal coatings. 

Paints and varnishes. 

Tarry and bituminous mixtures. 

Vitreous enamels and glass. 

Rubber. 

Cement and concrete. 

Greases and oils. 

Chemical Compounds 

Iron and Steel. The formation of oxide coatings by the low temperature 
heat-treatment process of tempering, involving heating in air at tempera¬ 
tures of 200°^400°C, confers a perceptible degree of corrosion resistance 
to iron and steel components. Similarly, when ferrous components are 
heated, as in the Bower-Barff process, at approximately 800 c C first in air, 
then in steam and finally in producer gas, there results the formation of a 
highly durable coating of ferroso-ferric oxide, Fe 30 4 . Other oxide-forming 
processes involve the immersion of the work in hot aqueous solutions of 
caustic alkali and alkaline metal nitrates. More satisfactory than the 
above oxide coatings from the point of view of resistance to corrosion are 
the phosphate coatings produced by immersion of the steel in hot or 
boiling solutions containing phosphates. Resulting from such treatment 
slightly soluble films of iron phosphates are deposited on the metal surface. 
Such phosphate treatment has been modified in many ways as in various 
patented processes such as Coslettizing, Parkerizing, Granodizing, 
Bonderizing and Walterization. The natural colour of phosphate-treated 
work is grey, although good black finishes may be obtained by impregna¬ 
tion of the coating with black dye. Protection against corrosion is only of 
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a moderate order, but it may be improved by the application of oil, 
grease, paint, or varnish. In general, the protection afforded by the 

^^ against corrosion of steel under severe con¬ 

ditions, such as sea spray, is not as high as that obtained by electrodeposited 
coatings of cadmium or of zinc of 0 0003 in.-00005 in. in thickness. 

Aluminium and its Alloys. Aluminium and its alloys are extensively 
treated by the process known as “anodizing" (see p. 546) resulting from 
which a film ot alumina is produced electrolytically. 

Copper and its Alloys. Although the resistance to corrosion of copper 
may be slightly enhanced by heating the metal to 75°-10CfC in clean air 
to orm an oxide film, this process is not so widely practised as are im¬ 
mersion processes giving rise to the production of sulphide films. Thus, 
the immersion of copper and its alloys (e.g. brass) in aqueous solutions 
ot such compounds as alkali sulphide, ammonium polysulphides, and 
sodium thio-antimonate in the presence of air results in the formation of 
brown sulphide films, often erroneously referred to as “oxidized" films. 

r erf S ^ n , P„* ina consislin g very largely of basic cupric sulphate, 
t-ub<j 4 . jl_u(OH) 2 , developed on the surface of old copper, particularly 
sheet copper on roofs after prolonged ageing in the atmosphere, has 
enabled such copper to give a useful life over several centuries. This 
pa ina may e produced artificially either by direct immersion in suitable 
baths or alternatively by anodic treatment of the metal in a solution 
containing 10 per cent magnesium sulphate, 2 per cent magnesium 
hydroxide and 2 per cent potassium bromate. The bath temperature is 

matelv7 7 a PP r ° ximatel y 95 ° C . and the current density is approxi¬ 
mately 0 5 amp, ft 2 , the treatment time being fifteen minutes. F 

the n,Tc IUm ‘ 7 e ‘; orros ‘ on resistance of cadmium may be improved by 
e presence of films of sulphur-containing compounds produced by 

=™“ioi;xr k ,n a “““ “'«'»» °< 

e3" C ' ?‘ nC m£ l y be treated in Phosphate-containing solutions to give a 

are oafen ed n nr7 OSphat r e -J hC Gran ° d ‘ ne and the Reform treatments 
are patented processes of this type. 

tio^of^TromTip 10 ^ 0 ^ 05100 ! ° f Z ‘ nC may a ' SO be chanced by the forma- 
plated work Tn a fi ‘ mS P roduced b y immersion of either zinc or zinc 

sulphurte aad ofTh ac l ueous . solut 'on of sodium dichromate and 
pnunc acid, of such a nature is the Cronak process This so called 

H ° f cons ' derab,e value in preventing Sformatmn 
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for thirty minutes in a boiling aqueous solution containing ammonium 
sulphate, ammonium dichromate, potassium dichromate and ammonium 
hydroxide. 

Metal Coatings 

Metal coatings may be laid down on base metals in various ways as 
detailed below. 

Hot-dipped Coatings. Steel is regularly coated with zinc by the process of 
galvanizing; this process is applied to sheet, wire and netting, as well as 
to irregularly-shaped articles. The work is first pickled in dilute sulphuric 
acid, washed with water, pickled in dilute hydrochloric acid, washed, 
dried, and then immersed in a bath of molten zinc maintained at a tempera¬ 
ture of approximately 450°C. 

Hot-tinning is conducted on mild steel, cast iron and copper; sheet and 
wire are immersed in the molten tin bath by mechanical means, whilst 
irregularly shaped articles are immersed by hand. The temperature of 
the tin bath is 310°-345°C. 

Lead coatings provide a comparative immunity to attack by sulphuric 
acid and sulphurous acid. The work is first pickled and then treated as 
in the case of zinc and tin. Steel is also hot-dipped to produce feme plate 
by immersion in a molten alloy containing 75 per cent lead and 25 per 

cent tin. 

Hot-dipped aluminium-coated steel sheet is also in commercial produc¬ 
tion. 

Electrodeposited Coatings. The production of metal and alloy coatings 
by electrodeposition has already been discussed previously {see p. 295). 

Metallization. Metal coatings are laid down on base metals, particularly 
on iron and steel, by metal spraying. The protecting metal, fed into a 
special type of pistol either in the form of a powder or a wire, is melted 
by a high-temperature oxy-fuel gas flame and blown in the form of an 
extremely finely divided cloud of metal droplets on to the base metal to 
which it bonds and forms the protective coating. Most pure metals and a 
number of alloys may be applied by metallization. 

Cementation. Cementation involves the heating of the component 
to be protected in a dust of the protecting metal. During this heating, 
alloying occurs between the base metal and the protecting metal even 
though the melting point of the latter has not been attained during 
heating. The film produced is not homogeneous in composition, but 
decreases in content of the protecting metal with penetration downwards 

from the surface. . 

Sherardizing is the process of heating steel objects in zinc dust at atem¬ 
perature of 350°-367°C. A coating thickness of 0 0003 in.-00005 in. is 

normally attained. . f -- 

Chromizing is the process of heating steel objects in a mixture ot 3D pe 
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cent chromium powder and 45 per cent alumina at a temperature of 

1300 o -1400°C. 

Colorizing involves the heating of work in a mixture of aluminium 
powder and alumina at a temperature of 900°-950'C for iron and steel, 
and 700 -800 C for copper and brass. Alumina prevents the coalescence 
of the aluminium globules. 

The Follsain process is similar. 

Mechanically Applied Metal Coatings. Such coatings may be applied by 
the simultaneous rolling of a thin sheet of the protecting metal with the 
base metal at a temperature sufficiently high to permit of welding of the 
two metals (or metal and alloy). Included in this category are such 
products as “Alclad,’ consisting of a coating of pure aluminium rolled 
on to duralumin (see p. 546), and nickel-clad steel. Alternatively, the 
protecting metal may be cast as a shell around a billet of the base metal and 
the composite billet which results rolled out into sheet form. An example 
of such material is copper-clad steel plate. 

Paints and Varnishes 

Paints may be defined as being viscous suspensions of finely divided 
solid pigments in a fluid medium consisting of driers, the whole being 
capab e on exposure to the air of producing films exhibiting protecting 
power and hiding or obliterating power. There are many pigments 
employed amongst which may be mentioned red lead, w hite lead, lithopone, 
lead chromate, zinc chromate and zinc oxide; from the point of view of 
enhancing resistance to corrosion it may be said that in general the most 
effective pigments are those of an oxidizing nature such as red lead, lead 
chromate and zinc chromate; these pigments tend to give rise to the 
formation of thin protective oxide films. 

Varnishes are made by dissolving either natural or synthetic resins in 
oils (e.g. linseed and tung oils) or in spirits (e.g. methyl and ethvl alcohols, 
turpentine, naphtha, and petroleum spirit). 

Tarry and Bituminous Mixtures 

I or the protection of buried gas and water mains and the protection of 

structural steelwork under highly corrosive conditions (e.g. in chemical 

works and gas works) coatings of tarry and bituminous mixtures are 
olten employed. 


\ itreous Lnaniels and Glass Linings 

Fused coatings of vitreous enamels are widely employed as protective 

coatings on objects fabricated from iron and steel. Such vitreous enamels 

are complex mixtures of metallic silicates. They find considerable applica- 

lon foi kitchen utensils, domestic cookers and washers, and for bathroom 
equipment. 
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In the chemical industries plant made from metals and alloys is being 
provided with glass linings in increasing degree. 

Rubber 

Chemical plant is often lined with rubber as an aid to improving resistance 
to corrosion. In particular, this material has become a very effective lining 
material for acid pickling tanks. 

Cement and Concrete 

Cement and concrete find application as protective linings for large steel 
mains where the effluent to be carried is of a corrosive nature. Various 
special compositions have been developed for such purposes. 

Greases and Oils 

Possibly the most common of all films applied to metals with the object 
of preventing or minimizing corrosion are films of greases and oils. These 
materials are in such common and wide application that little needs to be 
said here. 



CHAPTER 13 


EQUILIBRIA IN ELECTROLYTES 


In a solution of an electrolyte a condition of equilibrium exists between 
the free tons and the undissociated molecules, these latter consisting 
either of ion pairs or alternatively of non-ionized molecules. Thus such 
an equilibrium may be expressed as— 

AB^A++B' . . . . (1) 

To this system in equilibrium the Law of Mass Action may be applied. 


THE APPLICATION OF THE LAW OF MASS ACTION 

If ° n< - gramme molecule of the binary electrolyte AB is dissolved in V litres 
of solution, and the fraction AB dissociated at this dilution is a then the 
non-dissociated fraction will be 1 - a. Therefore, at equilibrium, the 
concentration in gramme molecules/litre of AB A+ and B' will be_ 

~~oiAB, -of A\ and ~ of B' 


therefore, applying the Law of Mass Action— 



from which, 
or, alternatively, 
where 




a* 


(1 -oe)K 


K 


• (3) 


C0C‘ 


(1 — PC) 


K 


• (3 a) 


c = 


concentration = - 


y (gramme molecules/litre) 


II—(T.447) 


31 J 
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Equation (3) expressing the relationship between the degree of dissocia¬ 
tion of an electrolyte and its dilution is the mathematical form of Ostwald's 
Dilution Law, and the constant, K, the dissociation constant or the affinity 
constant ; this constant is characteristic of every electrolyte. 

The conductance ratio, A c /A 0 (.see p. 254), was long regarded as being 
identical with a, the degree of dissociation. In the case of weak electrolytes 
over an appreciable concentration range this statement is approximately 
true so that on introducing values for a in equation (3) the numerical 
value of K may be calculated. In the case of acetic acid some typical 
values are quoted in Table 61; it should be noted that the acetic acid 
solutions are reported in terms of differing concentrations. As is to be 
expected the value of a decreases with increasing concentration, or increases 
with increasing dilution. 

Table 61 

Application of the Ostwald Dilution Law to Acetic Acid at 25°C 

(A 0 = 390-6 reciprocal ohms at 25°C) 


Concentration 
(mols per litre of 
Electrolyte) 

A c 

(reciprocal ohms) 

A c /A„ 

K 

0-11135 x 10- 3 

127-710 

0-3195 

1-744 x 10~ 6 

0-2184 x lO" 3 

96-406 

0-2468 

1-767 x 10" 5 

1-0283 x lO" 3 

48-133 

0-1232 

1-781 x 10" 5 

2-4140 x 10- 3 

32-208 

0-8025 

1-789 x lO” 5 

5-9115 x 10" 3 

20-956 

0-0537 

1-799 x lO" 5 

12-829 x 10" 3 

14-371 

0-0368 

1-803 x lO' 5 

20 000 x 10 - 3 

11-563 

0-0296 

1-806 x lO" 6 

50-000 x lO" 3 

7-356 

0-0188 

1-808 x 10" 5 


From Table 61 it will be noted that for acetic acid solutions over a 
considerable concentration range, Ostwald's Dilution Law is approximately 
true; this statement also holds for a large number of weak electrolytes, 
both bases as well as acids. In the case of such weak electrolytes the 
numerical value of the dissociation constant K gives a very useful measure 
of the strength of the electrolyte under investigation. 

Equation (3) may be rewritten— 

a 2 = KV( 1 - a) . • • • W 

and since for most weak electrolytes at moderate dilutions the value of a is 
very small, equation (4) may be simplified thus— 

a 2 = KV 


so that 


a = VKV 




. (5) 
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From which it follows that the “strength” of a weak electrolyte is propor¬ 
tional to the square root of its dissociation constant. Divalent and 
polyvalent acids (and also bases) have two or more dissociation constants 
which often have widely differing values. For example orthophosphoric 
acid, H 3 PO 4 a trivalent acid, has three dissociation constants 
K i= 1 x 10 2 , K 2 = 2 x 10~ 7 , and K 3 = 4 x 10~ 12 . 

The Anomaly of Strong Electrolytes. It is an experimental fact that the 
stronger the electrolyte the more pronounced does its dissociation constant 
depart from constancy with variation of dilution. This fact may be 

illustrated by reference to data for potassium chloride, a typical strong 
electrolyte, as given in Table 62. 6 


Table 62 


Conductance Ratios and Dissociation Constants for Aqueous 

Solutions of Potassium Chloride 


Dilution of 


K 

Solution 

a = A,./A 

(As calculated 

(in litres) 


from Ostwald’s 



Dilution Law) 

10 

0-861 

0-533 

20 

0-888 

0-352 

50 

0-922 ; 

0-218 

100 

0-943 

0-156 

200 

0-961 

0-118 


in T ° tlme ’ various empirical formulae have been proposed 

in an effort to equate the degree of dissociation and the concentration of a 
solution of a strong electrolyte. Thus, Kohlrausch suggest that 


l — a oc \ c 


W 


wmmmm 

concentration of the solute and as ZtT V™ ^ and the 

Table 61, Ostwald’s Dilution^ shown . for acetic acid in 

tion range. In the case of stronp *^ 0 over a considerable concentra- 

ratio is not a satisfactory index nf ^ tes ’ bowever , the conductance 

to which it should be borne fn m^nH^^K 06 of dlssociati on, in addition 

tions of the different species are probably the COncentra - 
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Debye and Hiickel (1923) have proposed that the variations in the 
equivalent conductance of a solution of an electrolyte are due to changes 
in the mobility of the ions rather than to changes in their number. In a 
solution of an electrolyte, Debye and Hiickel have suggested that there 
exists an oppositely charged ionic “atmosphere” surrounding each ion; 
in other words, there is an excess of negative ions in the neighbourhood 
of a positive ion, and likewise an excess of positive ions in the neighbour¬ 
hood of a negative ion. The mobility of ions is therefore influenced in two 
ways. The oppositely charged ionic atmosphere lags behind an ion 
moving through a solution and thus, by virtue of its electrostatic attractive 
force has a retarding effect upon the moving ion; and, in addition, a 
moving ion encounters increased frictional resistance on dragging its ionic 
atmosphere through a solution. Debye and Hiickel were able to give 
mathematical interpretation to these phenomena and showed that together 
these retardations were proportional to the square root of the concentra¬ 
tion of the electrolyte. 

Although the Debye-Huckel theory was developed primarily to help 
in solving the anomaly of strong electrolytes, the interionic action effects 
are exhibited by all electrolytes, both weak and strong, but since in the case 
of weak electrolytes the ionic concentration is very small, the retardation 
effect is too small to be of any significance; in other words, the Ostwald 
Dilution Law is obeyed. 


ACIDS AND BASES 

As far as aqueous solutions are concerned an acid may be defined as a 
substance which yields hydrogen ions, whilst a base is a substance which 
yields hydroxyl ions, but when non-aqueous solvents are involved these 
definitions are inadequate, so that in general it is preferable to define an 
acid as a substance exhibiting a tendency to lose a proton, and a base as a 

substance capable of accepting a proton. 

If an acid is represented by the symbol A and its conjugate base by the 
symbol B, their relationship may be expressed in equation form as 

follows— 

A ^ H+ + B . • • • W 

acid proton base 

Since in solution free protons are probably incapable of free existence, 
the acid or the basic characteristics of any ionic species are not evi en 
unless the solvent itself is capable of accepting, or alternatively of yielding 
protons; in other words, the solvent itself must exhibit either basic o , 

alternatively, acidic characteristics. ...... 

Solvents capable of accepting protons are said to be protophi ic {. • 

basic in character) whilst solvents capable of yielding protons are e 
protogenic (i.e. acidic in character). There also exist certain solven s \ 
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are neither proton acceptors nor proton donors; such substances are said 
to be aprotic solvents. 

Good examples of protophilic solvents are provided by water and the 
alcohols on account of the fact that the oxygen atom present in the 
molecule readily accepts a proton. If the solvent is designated R OH in 

which R may be a hydrogen atom, the condition of equilibrium existing 
when an acid is present may be depicted thus_ ° 


HA-fR.OH^R. OH., 

acid solvent acid 

(basic in nature) 


A # 

base 


18) 


In such solutions the substance R . OH 2 + is termed the hydrogen ion and 
in 4 OUS u SO “'T thlS entlty corres P onds to the hydroxonium ion , H,0+ 

Although it is often convenient when using different solvents to represent 
the hydrogen ion by the symbol H+ it should be borne in mind that the 
actual ions are different for differing solvents. The stronger the protophilic 

toHnht^Th tHe S ° IVent thC m ° re corn P lete 'y reaction (8) goes from left 
to right. Thus, in aqueous solutions, strong acids (except in very concen- 

" 6 e the | ,,0nS) f behaVC ,“ ^ ™ a " ^ s"ong adds 

on into h o + aCt6r h ^ reSU ' tS in almost complete conver- 
disdnguhheff ’ 3 ‘ he StrengthS ° f such solutions cannot be 

In a protogenic solvent (e.g. HF or HC1) which exhibits no basic 
characteristics, even the strongest acid is incapable of exhibiting acid 
p operties since there are no molecules available to accept protons In 

«S3KTS <eg - * “' h '' “Mfc «. 

mnr! r b H ? d ' T, he u m ° re P rot °g en,c (he. the more acidic) the solvent the 
more readily will the properties of a base become evident In acetic acid 

B + R . OH ^ BH 1 + OH' (9) 

base solvent acid base ' 

(acidic in 
character) 

JSy f0 a?OH th io W ns ter 3S S ° ,Vem Str ° n S bases ™re or less com- 

into'Mroxomum C fon°"H^f‘T" 8 ^ ^ converted 
hydroxyl ions, OH'. The strengths nf S , ron & bases ar c converted into 
gen ion concentrations of their^nl ♦* RCl( * S ar . e P ro P orti onal to the hydro- 

the numerical value of their diLd, U t !? nS ’ a " d ’ ther c efore are measured by 

Of bases are proportional to rhdrd!rsodat n i S on n constmi arly ’ ^ 
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The Ionic Product of Water. The neutralization of hydrochloric acid by 
sodium hydroxide is depicted by the following chemical equation— 

HC1 + NaOH = NaCl + H 2 0 . . . (10) 

This equation may be rewritten ionically as follows— 

H+ + Cl' + Na+ -f OH' = Na+ + Cl' + H 2 0 . . (11) 

Examination of equation (11) shows that chlorine ions and sodium ions 
are common to both sides of the equation, so that this ionic equation may 
be rewritten— 

H + + OH' = H 2 0 .... (12) 

From equation (12) it would appear that the neutralization of an 
acid by a base consists of nothing more nor less than the formation of 
water from its ions. If an examination is made of the changes occurring 
when any other strong acid is neutralized by a strong base the same 
result will be obtained. Further evidence of this phenomenon is provided 
by the fact that the heat of neutralization of a strong acid by a strong 
base is always in the region of 13 700 g.cal/g. equivalent. 

From experimental evidence regarding the electrical conductivity of 
very pure water, reaction (12) may be regarded as reversible— 

H + + OH' ^ H 2 0 .... (13) 


Applying the Law of Mass Action to equation (13) above 

[H + ] [OH'] = K[H 2 0] . 


. (14) 


But since it has been shown that the dissociation into ions is only slight, 
in other words the amount of undissociated water is so considerable that 
it can be regarded as constant, equation (14) may be simplified to 

[H + ] [OH'] = K w . . • • ( 15 > 

where K w is a constant known as the ionic product for water. Since the 
conductivity of water increases with rising temperature, the corresponding 
value of K w will also increase; values of K w at various temperatures ar 

given in Table 63. „ 

In actual fact the reaction taking place in water is as follows 


^ H+ \ 

H,0 + H,0 ^ H 3 0+ + OH' 


(16) 


The H 2 0 molecular groups constituting water are co " s ^ S 
tion, their energy of movement being determined by the temperatu ^ 

When two such groups are in collision a proton is trans , and 
to the other. One molecular group thus acquires a positi g 
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becomes the hydroxonium ion, H 3 0+ whilst the other, having lost a 
proton, becomes a hydroxyl ion, OH'. ® 


Table 63 


Temperature 

• 

Ionic Product 

(°C) 

(A :j 

0 1 

011 X 10~ 14 

10 

0-29 x 10~ 14 

25 

1*01 x 10- 14 

40 

2-92 x 10~ 14 

50 

5-48 x 10~ 14 

100 

(56) x 10~ 14 


A. round figure ofT ' \ Therefore, 

dons of the hydroxonium end ,t“d™»H„nl 

hydrogen ion concentration when in fctual fact (‘he h°H° f the 
concentration is the true statement nf ,h r * , the h y drox omum ion 

be employed here. state ™nt of the fact; the usual terminology will 

Hydrogen Ion Concentration If thp • 

the value of 1 x 10~ 7 g ions per litre (i e lon concentration exceeds 
solution is said to beacidi C P in si,eh ^! existln g ln P u re water), the 

hydroxyl ions must be less than 1 x r 0 -4 S ° Ut '° n , thC concen tration of 

taken to be valid. Similarly a LifesW' ltre * f equation (15) is 

concentration must be less than 1 x in-?' r" S <he h y dro g en i°n 

bon of hydroxyl ions greater than 1 x g ,?" : per lltre and the concentra- 

the concentration of either hydrogen ions or of l°7 PC , ' itre ' Thus > if 
the value of the other may beevafuated h y dr oxyl tons is known, 

terms of a S cate°orig?naUy''suggestedTv e^ dr ° gen ‘ on concentration in 
negative logarithm of the hydrogen ion rn ensen (1909 > ln which the 

(or Pu) of the solution. In mathematical kn ° Wn 35 ,he ^ H 

pH = - i ogio [H+] 

[H+] = io-^h 


or, 


. ( 17 ) 
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and, since the ionic product for water is 1 x 10“ 14 (at 25°Q therefore, 

$ 

log [5+] + log [oS 7 ] = 14 ' • (18) 

Therefore, pH + /?OH = pK w =14 . . . (19) 

Thus, as pH values diminish below pH 7, solutions become increasingly 
acidic; pH 1 represents neutrality, and as pH values rise above pHl, 
solutions become progressively more and more alkaline. 

The Calculation of Hydrogen Ion Concentration 

(1) An N/100 (i.e. 0-01 N) solution of hydrochloric acid contains 0-01 g 
hydrogen ions per litre (ignoring the consideration of activity coefficients); 
that is 1 x 10 -2 g hydrogen ions per litre. 

the pH value of this solution is 2. 

(2) Suppose it is required to calculate the pH value of a solution which is 
3-62 x 10~ 3 N with respect to hydrogen ions. 

The pH value is numerically equal to the logarithm of the reciprocal of the 
hydrogen ion concentration, 

i.e. pH = - log [H+] 

But log [H + ] = log (3*62 x 10" 3 ) 

= 0-5587 -f (- 3-0) 

= - 2-4413 
pH = 2-4413 

(3) If the pH value of a solution is 6-35 the actual value of the hydrogen ion 
concentration may be calculated as follows— 

Given that pH value = 6-35 

This implies that the hydrogen 

ion concentration = 1 x 10 -6 ' 36 

The exponent, — 6-35 = — 10 + 3-65 

Therefore, lO" 6 * 36 = 10~ 10 + 10 3 * 65 

From tables, the antilog of 3-65 = 2317 

Therefore, pH = 6-35 =2317 x 10' 10 g ions per litre 

= 2-317 x 10" 7 g ions per litre 

HYDROLYSIS 

If an aqueous solution of a strong acid is added to the aqueous solution of 
a strong alkali of equivalent concentration, a neutral salt is formed, n 
words, the chemical equation may be written— 

Acid + Base = Salt + Water 


. ( 20 ) 
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If the acid were hydrochloric acid and the base sodium hydroxide the 
reaction may be written ionically thus— 

H+ + Cl' + Na + + OH' = Na + + Cl' + H a O . . (21) 

The hydrogen ions and the hydroxyl ions interact until there is no excess of 
either and the pH of the resulting solution is 7 0. In other words, the 
solution which results will be neutral. It is a well-known fact, however, 
that the aqueous solutions of a large number of salts exhibit not a neutral 
reaction, but either an alkaline or an acidic reaction. This phenomenon, 
known as hydrolysis , is due to the interaction of a salt with water; in effect 
it may be regarded as a reverse of neutralization so that equation (20) may 
be rewritten thus— 

Salt + Water ^ Acid + Base . . (22) 

This effect, however, is only observed when either the acid and the base 
involved are of unequal strengths, or both acid and base are weak. The 
cause of hydrolysis is due to the slight dissociation of water leading to the 
formation of a minute concentration of hydrogen ions and of hydroxyl 
ions; this slight dissociation may be depicted in equation form as follows— 

H 2 0 ^ H+ + OH' . . . (23) 

In discussing the phenomenon of hydrolysis in detail three types of 
salts will be considered— 

(1) Salts of weak acids and strong bases. 

(2) Salts of strong acids and weak bases. 

(3) Salts of weak acids and weak bases. 

Salts of Weak Acids and Stong Bases. To illustrate this particular case, 
sodium carbonate will be used as an example. In aqueous solution this 
salt is dissociated as depicted in equation (24) below— 

Na. 2 CO a ^ 2Na + + C0 3 " . . . (2 4) 

The feeble dissociation of water is represented as in equation (23) above, 

1 .e. 

H 2 0 ^ H+ + OH' 

There are therefore in the solution four different ions—hydrogen ions 
hydroxyl ions, sodium ions and carbonate ions. The sodium ions are 
able to combine with the hydroxyl ions to form sodium hydroxide, 
but since this substance is a strong base there are immediately reformed 
sodium 10 ns and hydroxyl ions so that the final condition with regard to 
these two ions remains unchanged. On the other hand, the carbonate 
10 ns are able to combine with the hydrogen ions to form carbonic acid, 
r ui j- a rbomc acid is, however, a weak acid—in other words is only 
feebly dissociated; this may be depicted as shown in equation (25)— 1 

H 2 C0 3 v- 2H+ + C0 3 ” 


■ (25) 
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Thus hydrogen ions are removed and more molecules of water must 
dissociate to maintain the ionic product for water at a constant value. 
There is, therefore, a competition for the possession of hydrogen ions 
between the carbonate ions and the hydroxyl ions; ultimately a condition 
of equilibrium is attained depending upon the relative tendencies of the 
carbonic acid and water to undergo dissociation. Thus, the concentration 
of hydroxyl ions in the solution will exceed that of the hydrogen ions 
since some of these latter ions have been used up in forming undissociated 
molecules of carbonic acid. 

The net result of these processes, which are proceeding simultaneously, 
may be represented thus— 

Na 2 C0 3 + 2H 2 0 ^ 2NaOH + H 2 C0 3 . (26) 

a strong base, a weak acid, there- 
therefore strongly fore feebly disso- 
dissociated yielding ciatcd yielding a 
a high concentra- low concentration 

tion of hydroxyl of hydrogen ions, 

ions 


Other examples of the production of such alkalinity in aqueous solu¬ 
tion are provided by the alkali salts of acetic acid, boric acid, phos¬ 
phoric acid, hydrocyanic acid, hydrosulphuric acid and hypochlorous 
acid. 

Modifying equation (26) for the general case where MA is the salt of 
the weak acid HA and the strong base MOH— 

MA + H 2 0 ^ MOH + HA . . . (27) 

or, 

M+ + A'-f H 2 0 ^ M + + OH' + HA . . (28) 

salt strong base acid 


Applying the Law of Mass Action to equation (28)— 

[M+] [OH'] [HA] = 

[M + ] [A'] [H 2 0] u • 



where K H is the so-called hydrolysis constant of the salt. 

But since 

^iJ f = K n\ (dissociation constant of the acid) . (30) 
[HAJ 


introducing (30) in equation (29), and omitting water, since its concentra¬ 
tion may be assumed to be constant in dilute solution— 

[M+] [OH'] [H + ] [A'] 


[M+] [A ']K ha 


. ( 31 ) 
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which may be simplified to 


[OH'] [H+] 


K 


= K 


H 


HA 


Since 


[OH'] [H^] = K w (the ionic product for water) 


it follows that 


K 


XV 


K 


= K 


ii 


HA 


. 02) 

. (15) 

. (33) 


or, in words, the hydrolysis constant K n is proportional to the ionic 
product for water and inversely proportional to the dissociation constant 
for the weak acid involved. 

It should be carefully noted that K n is the hydrolysis constant and not 
the degree of hydrolysis, although the latter may be calculated from the 
hydrolysis constant as follows. 

If 1 g.mol of a salt MA is dissolved in V litres of water, and if// represents 
the degree of hydrolysis (i.e. the fraction of the total salt hydrolyzed), then 
at equilibrium there will be (1 - //)/ L g.mol. of unhydrolyzed salt, 
h/v g.mol. of the acid HA, and /;/ V g.mol. of the base MOH— 

MA + H 2 0 ^ MOH 4- HA . . . (34) 

1 - h h h 

V V V 


Therefore, applying the Law of Mass Action— 



h 2 ^ 

~ V(l - h) = Kn ■ • • • ( 3? ) 


If the value of h is small, then equation (37) may be simplified thus_ 

/i 2 = VK n 
h = 


Therefore 


■ (38) 

■ (39) 
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Taking as a specific example, a normal solution of sodium acetate; 
the dissociation constant of acetic acid is 1*8 x 10~ 5 , and taking the value 
of K w to be 1*0 x 10~ 14 , then— 

since K h = 

a ha 

_ 1-Ox 10- 14 

~ 1-8 x 10~^ 

= 5-555 x 10- 10 

In a normal solution, the numerical value of V in equation (39) is 1, 
therefore, 

h = VW5-555 ~x ICT™ 

= 2-36 x 10- 5 
= 000236 

From equation (37) above it follows that the degree of hydrolysis 
increases with increasing dilution. 

Salts of Strong Acids and Weak Bases. Salts of strong acids and weak 
bases hydrolyze in aqueous solution to give an acidic reaction. Taking 
ferric chloride as an example, this salt dissociates as indicated in equa¬ 
tion (40)— 

FeCl 3 ^ Fe + ++ + 3C1' . . . (40) 

and the feeble dissociation of water is represented as in equation (23) by 

H 2 0 H + -f OH' 

There are therefore in the solution four different ions, hydrogen ions, 
hydroxyl ions, ferric ions and chlorine ions. The chlorine ions are capable 
of combining with the hydrogen ions to form hydrochloric acid, but since 
this compound is a very strong acid there are immediately reformed 
hydrogen ions and chlorine ions, thus, the final condition is that these 
two ions remain unchanged. On the other hand, however, the ferric 
ions are able to combine with the hydroxyl ions to form ferric hydroxide, 
a weak base which is therefore only feebly dissociated as depicted in 
equation (41) 

Fe +++ + 3(OH') ^ Fe(OH) 3 . . . (41) 

The net result is that hydroxyl ions are removed and more molecules 
of water must dissociate to maintain the ionic product for water at a 
constant value. In this case there is a competition for the possession of the 
hydroxyl ions between the hydrogen ions and the ferric ions until finally 
a condition of equilibrium is attained depending upon the relative tendencies 
for the ferric hydroxide and the water to dissociate. 

At equilibrium, therefore, the concentration of the hydrogen ions in the 
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solution will exceed that of the hydroxyl ions since some of the latter have 
been used up in forming undissociated ferric hydroxide. These processes, 
which are proceeding simultaneously, may be represented thus— 

FeCl 3 + 3H..O ^ Fe(OH) 3 -f 3HC1 . . (42) 

a weak base. a strong acid, 

therefore feebly therefore strongly 
dissociated, yield- dissociated, yield¬ 
ing a low concen- ing a high concen¬ 
tration of hydroxyl tration of hydrogen 
ions ions 


Aqueous solutions of ferric chloride therefore give an acidic reaction. 

Other examples of salts of strong acids and weak bases which, in 
aqueous solution behave similarly to ferric chloride include cupric sul¬ 
phate, ammonium chloride, and the chlorides of aluminium, bismuth 
and antimony. Modifying equation (42) for the general case where M A is 
the salt of a strong acid and a weak base MOH— 


or 


M 


+ 


MA + H.O 
- A' + HoO 


salt 


MOH + 

MOH + 

weak base strong acid 



Applying the Law of Mass Action to equation (44) 

[MOH] [H + ] [A'] 


[M+] [A'] [HoO] 


Since 


MOH = 


K u • 

[M+] [OH' 


K 


Mon 


- (43) 
. (44) 



and omitting water since its concentration may be assumed to be constant 
in dilute solution, equation (45) above may be simplified to— 


Therefore, 

Since, 

Therefore, 


[M+] [OHJ [H+] [A'] 
[M+] [A'] A, nm 

[OH']JH+] 

"MOH 

[OH'] [H+] = K 


- J = K 


n 


= K 


H 


K 


W 


K 


= K 


M OH 


H 


. (46) 
. (47) 

• (48) 


l n K W ° rdS ’ thC h y droI y sis constant for a salt of a strong acid and a 
eak base is proportional to the ionic product for water and inversely 
proportional to the dissociation constant for the weak base involved. ^ 
y arguments similar to those leading to equation (37) it may be shown 
that m aqueous solution the salts of strong acids and weak bases exWb.t 
increasing degree of hydrolysis with increasing dilution. 
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Salts of Weak Acids and Weak Bases. In a similar manner to that 

employed in the previous two cases the Law of Mass Action may be 

applied to the hydrolysis in aqueous solution of salts of weak acids and 

weak bases. The general equation for such hydrolysis may be written 
thus— 

M+ + A' + H 2 0 ^ MOH + HA . . . (49) 


salt 


weak base weak acid 


But, 


Therefore, applying the Law of Mass Action 

[MOH] [HA] 

[M+] [A'] [H 2 0] 

it, [MOH] = [QH 1 and [t 

a moh 


. (50) 


[MOH] = 


and [HA] = 


[H+] [A'] 


HA 


Therefore, equation (50) may be rewritten thus 

[M+] [OH ] [H+] [A'] 

[M^] [A ] [H 2 0] AT moh K ua 


= K 


. (51) 


which, on ignoring water since its concentration may be assumed to be 
constant, may be simplified to— 

= *h . . . .[52) 

%OH a HA 

Since [OH'] [H+] = K w 


. (52) 


Since 


therefore equation (52) may be rewritten thus 


K w 

MOH ^HA 


= AT, 


. (53) 


or, in words, the hydrolysis constant for the salt of a weak acid and a weak 
base is proportional to the ionic product for water, and inversely propor¬ 
tional to the product of the dissociation constants for the weak acid and 
the weak base.' If 1 g.mol. of the salt is dissolved in V litres of water, then 
at equilibrium, if h represents the degree of hydrolysis there will be hi V 
g.mols. of the acid HA and also of the base MOH, and (1 — h)lV g.mol. 
of the unhydrolyzed salt and hence, since the salt is completely dissociated, 
of each of the ions M+ and A'. 

Therefore, applying the Law of Mass Action— 



. ( 54 ) 
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Therefore, 


(1 - hf K " 


■ (55) 


Since the quantity V has cancelled out, it follows that the degree of 
hydrolysis of salts of weak acids and weak bases in aqueous solution is 
independent of dilution. Examples of salts of weak acids and weak bases 
are provided by ammonium acetate and aniline acetate. 

It should be noted here that the acidity or the alkalinity of aqueous 
solutions of such salts as those discussed above depends upon the relative 
stiengths ol the acid and the base involved. If these are of equal strength 
the solution, although hydrolyzed, will be neutral in reaction. 

Amphoteric Electrolytes (or Ampholytes). In addition to the clear-cut 

acids and bases there are a number of compounds which are capable of 

behaving either as acids or as bases according to the conditions which 

obtain, such substances are known as amphoteric electrolytes or simply 

as ampholytes. A number of metallic hydroxides are amphoteric; examples 

include aluminium hydroxide, zinc hydroxide and tin hydroxide, Sn(OH).,. 

Thus, zinc hydroxide, Zn(OH) 2 , is capable of reacting with hydrochloric 
acid to form zinc chloride— 


2HC1 Zn(OH) 2 = ZnCl 2 + 2HX> 


• (56) 


whilst with a caustic alkali, such as caustic soda, zinc hydroxide forms 
sodium zincate, thus— 


Zn(OH ) 2 -4 2NaOH = Na 2 Zn0 2 -f 2H 2 0 . . ( 57 ) 

In zinc chloride, zinc is present as the positive zinc cation, Zir f+ whereas 

in sodium zincate, zinc is present as part of the negative zinca’te anion 
(ZnO.J . 

NEUTRALIZATION 

Suppose 50 ml of a normal solution of a strong acid are titrated with a 
normal solution of a strong base. If when 10 ml of the base have been 

40 mf of th^^H thC S0lutl0n is diluted vvith vvater to ‘ litre, there will be 
both the i remaining un-neutralized. In other words, assuming that 

40 /Hinn d a ? d the r base are completely dissociated, there are now 
40/ 000 g equivalents of the acid in the solution which occupies a volume 

/ x !o V hC hydr °^ en ,on concentration in this solution is therefore 

Since - [OH'] [H ] = 1 x 10 ~ 14 

therefore, the hydroxyl ion concentration— 

[oh] = ~~ i2lL 4 

4 x 10 ~ 2 
= 2-5 x lO ' 13 


2H>0 
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Likewise, when 20 ml of the strong base have been added to the acid 
the hydrogen ion concentration is 3 x 10 -2 . 

The hydroxyl ion concentration is therefore 


1 x 10- 14 
3 x 10- 2 


3-3 x IQ" 13 


It is thus possible to plot the pH value for each increment of base added. 
These results are shown in Table 64. 


Table 64 


Changes in Hydrogen Ion Concentration and pH Value when 
a Strong Acid is Titrated with a Strong Base 


ml of Strong Base 
Added 

Hydrogen Ion 
Concentration 

pH Value 

(50 ml of strong acid 
initially present) 

45*0 

5 x 10- 3 

2*3 

49*0 

1 x 10- 3 

3*0 

49*5 

5 x 10- 4 

3*3 

49*9 

1 x lO" 4 

4*0 

49*95 

5 x lO" 5 

4*3 

50*0 

1 x lO' 7 

7*0 

50*05 

2 x lO" 10 

9*7 

50*1 

1 x lO" 10 

100 

50*5 

2 x 10- 11 

10*7 

51-0 

1 x 10" 11 

110 

55*0 

2 x lO" 12 

11*7 


Examination of Table 64 shows that in the region of the end point 
the pH value of the solution changes very rapidly indeed. Thus when 
49*95 ml of the strong base have been added the hydrogen ion concentra¬ 
tion is 5 x 10 -6 g equivalents per litre and the pH value 4*3, whilst when 
the volume of added base is 50*05 ml the hydrogen ion concentration is 
2 x 10 -10 g equivalents per litre and the pH value 9*7. Expressed in another 
way, a variation of ± 0*1 ml in the region of the end point, that is,/*EL7 , 
gives rise to change in the hydrogen ion concentration of 1 x 10 to 
1 x 10- 10 , that is, a million-fold change. It will thus be obvious that 
solutions having hydrogen ion concentrations between pH 4 and p 
cannot be made up with accuracy by the simple mixing of strong aci s 
and strong bases, owing to the very pronounced effect which sma 
of acidic or alkaline impurities have upon the resulting pH ue. e 
results shown in Table 64 have been plotted as a curve in Fig. 125 (Curve 1). 
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Supposing that instead of a strong acid, a weak acid (e.g. acetic acid) 
is titrated with a strong base (e.g. sodium hydroxide), then— 

[H + ] [A'] 

’""[HA] = ( dlssociatlon constant of acetic acid) . (58) 


Therefore [H + ] = K UA 


DH 


[HA] 

[A'] 


_LJ_L 


- -I-^ 


\JV 


jr \ ! j - 

" n\ " T" T' 

_I__L 


77/ I 
• • • • 

1 ■ 




Curve 1 > 


SO 

ml Base 

Strong acid 
Weak acid 
S trong acid 
Weak acid 

Fig. 


Typical indicators and 
their pH range 


Tropaehn 0 

(/I I- 12 7) 


Phenol Phtho/em 
(8 3-ioo) 


Bromo-Cresol 

Purple 

( 5-2 - 6 8 ) 


Methyl Orange 

( 2 - 9-4 6 ) 

Thymol Blue 
0-2 - 2 - 8 ) 


~ Strong base 

- Strong base 

- Weak base 

- Weak base 

125. Neutralization Curves 


Ahzann Yellow G 
( 101-12 /) 


Cresol Red 
(7-2-8 8) 


Methyl Red 
(4 2 - 6 - 3 ) 


.Litmus 

( 50 - 8 - 0 ) 


and, 


/ ; H = log 


[H + ] 


= lo g 


[A'] 


IIA 


[HA] 


• (59) 


thi f S od1um d hvdro^ ate f0rme 5 i the neu,ra ^ zat >on of the acetic acid by 
c ™ y ? de 15 re S arded as being completely dissociated then the 

ad^d TC ifth? ta T i0nS [A1 COrreS P° nds ‘o ‘he amount of'base 
added. Also, ,f the acid is regarded as being very weak (i.e. very feebly 
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dissociated), then the concentration of acetic acid, [HA], corresponds to 
the whole of the residual acid. 

Suppose 50 ml of N acetic acid are titrated with N sodium hydroxide. 
If when 10 ml of N sodium hydroxide have been added the solution is 
made up to one litre there will be present 40 ml N acetic acid still remaining 
un-neutralized; in other words, there will be 40/1000 g equivalents of acid 
remaining in the solution which occupies a volume of one litre; to this 
volume 10/1000 g equivalents of alkali have also been added. 

Therefore, [A'] = 1 x 10 ~ 2 [HA] = 4 x 10 ” 2 

Therefore, introducing these values in equation (59), and taking the 
value of K ha = T 8 x 10 -5 

] 1 x 10- 2 _ 

P ° Sl ° (1-8 x lO" 5 ) x (4 x lO" 2 ) 

= 4*14 

In this manner it is possible to calculate the variation of the pH of the 
solution accompanying each successive addition of sodium hydroxide. 
Some of these values are given in Table 65. 

Table 65 

Neutralization of N Acetic Acid with N Sodium Hydroxide 


ml of N Sodium Hydroxide 

Added 

pH 

(50 ml of N acetic acid 
initially present) 

1000 

\ 

4-14 

15-00 

4-38 

20-00 

4-57 

25-00 

; 4-74 

30-00 

4-92 

35-00 

5-11 

40-00 

5-35 

45-00 | 

5-70 

50-00 

7-22 

50-05 

9-70 

50-10 

1000 

50-50 

10-70 


It should be noted from Table 65 that when the acetic acid is exactly 
half neutralized, that is, when 25 ml of N sodium hydroxide have been 
added, the concentration of acetic acid is equal to the concentration o 
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acetate ions, that is, [HA] = [A'], and from equation (58) it follows that 
the concentration of hydrogen ions is numerically equal to the dissociation 
constant for acetic acid. In mathematical form— 

[H + ] = K ua = 1-8 x 10 -5 
pH = 4-74 

Some of the results given in Table 65 are plotted in Fig. 125 (Curve //) 
from which it will be noted that prior to reaching the end point the /;H 
value changes very slowly, actually, the change is least at that point in 
the titration when the acid is just half neutralized. This behaviour is 
typical of the neutralization of any weak acid by a strong base 

v, B r ! i Slmilar Procedure the neutralization curve for a strong acid by a 
weak base may be plotted. This is shown in Fig. 125 (Curve ///) The 

(Curve“ CUrVC 3 WCak 3Cid by 3 WCak baSC is Sh0wn in f 4 ^ 

Buffer Solutions. From Fig. 125 (Curve //) it will be seen that the 

^ H l f ! am ° UntS ° f 61ther acids or bases to solutions of a weak- 
acid with one of its salts only gives rise to slight variations of »H Thus 

for exam pIe , ,f (M ml of 01N hydrochloric°acid is added to 10 ml of 

he changed to 3-6; but, if this si™ hydrochloT 

^ d H b v e ,h dded f 7 ^ 10 "J 1 °‘ 1N ammonium acetate solution, which also has 
a />H value of 7 0, only a small change of pH value will ocenr in f 

will require 10 ml of 01N hydrochloric add to lower the* pH ^ value o 
O’ N ammonium acetate solution to 3-0. The reisnn u uJ. 
acetate exerts such a pronounced buffer action mH cn ^ ammonium 

monium acetate is largely dLociated Inm ammo^ UCOUS S °' Ution ’ am ' 
tons so that the addition of hydrochloric acid (?h-r ‘T 8 " d aCetate 

lo ? f r °. r 

acid; the net result fs thai ihl molecules of feebly dissociated acetic 
only very slightly Thlse chanees^re sh’ 0 " ° f hydro S en ions is increased 

Boric acid -f- borax 
Citric acid •- sodium citrate 
Sodium phosphate + hydrochloric acid 
Sodium carbonate + sodium bicarbonate 
■sod,urn hydrogen phosphate + sodium dihydrogen phosphate 
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Neutralization Indicators. Neutralization indicators are examples of 
acidic or basic dyestuffs, that is, organic colouring matters, which exhibit 
a change of colour when the pH of the solution in which they are dissolved 
changes. This colour change is reversible and is usually associated with a 
change in constitution from a benzenoid to a quinonoid structure. The 
change in structure is determined by the concentration of hydrogen ions 
in the solution. 



Fig. 126. Variation of pH when 0-1N Hydrochloric Acid is added to 
10 ml of (< a ) 01N Ammonium Acetate, and ( b ) Distilled Water 


Neutralization indicators change colour over a limited portion of the 
pH scale only; over this portion of the scale the colour change is gradua , 
but on either side of it there is usually no further change of colour. T e 
colour change of such indicators takes place over ranges of approximate y 

1-6 pH. . 

Neutralization indicators are of two chief types, (a) those whic are 
colourless in one phase and highly coloured in the other (e.g. p eno 
phthalein), and ( b ) those which are coloured in both phases (e.g. met y 

orange). . 

Neutralization indicators invariably possess in one form or ano 
the properties of either a weak base or a weak acid. If the indicator is o 
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one hand, and coarse suspensions on the other hand. The most important 
feature ot the colloidal state is the co-existence of two phases, in that very 
finely divided particles of matter are separated from one another by a 
continuous medium of different composition. In general, the diameter of 
the particles lies between 10~ 7 and 10- 5 cm, that is, 1 - 100 m// 
(1 mju = 0000001 mm). 

It is customary to distinguish between the disperse phase —the finely 
divided particles, and the dispersion medium —the medium in which the 
particles are distributed; the whole constituting a dispersion system. 

Types of Dispersion System 

Both the disperse phase and the dispersion medium may be solid, liquid 

or gaseous substances, so that the possibility exists for a variety of systems 
as shown in Table 68. J 

Colloidal systems are often termed “sols” in order to distinguish 
them from true solutions. b 


Table 68 

Types of Colloidal System 


• ■ - ■ m I 

Dispersion Medium 

; 

Disperse Phase 

Example 

1 

I Gas 

Solid 

Smokes, dusts 

Gas 

Liquid 

Fog, mist, cloud 

II Liquid . 

, Solid 

Colloidal solution 

Liquid . 

| Liquid 

Emulsions (milk, salad cream) 

Liquid . 

Gas 

Foams 

Stiff liquid 

Solid 

Ruby glass 

III Solid . 

Gas, liquid or solid 

Many minerals 


Colloidal systems in which the dispersion medium is a gas and the 
disperse phase a solid are often termed aerosols. Systems in which the 

svstems°arr e n ht Um i* ® ' lqUKl afC referred to as co/ 'Iidal solutions ; such 
importance! Y ^ Common - but the Y ™ also of considerable 

Sometimes the qualifying terms, aquasol (or hydrosol ) and atcosol 
are employed when the dispersion media are ' water and afcohol 

respectively. Colloidal systems in which the dispersion media are organic 
compounds are frequently termed organosols. S 
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Colloidal Systems having Liquid Dispersion Media 

Systems of this type may be subdivided into two groups— 

( A ) Lyophobic (i.e. “solvent-hating”) systems 

( B ) Lyophilic (i.e. “solvent-loving”) systems 

When water is employed as the dispersion medium, the terms, hydro 
phobic and hydrophilic are used to describe the systems. The chief character 
istics of these two types of sols are enumerated in Table 69. 


Table 69 

Chief Characteristics of Lyophobic and Lyophilic Sols 


Lyophobic Sols 


The individual particles may readily be 
detected by means of the ultra¬ 
microscope 

The individual particles migrate in one 
direction only under the influence of 
an electric field 

The addition of small amounts of an 
electrolyte causes precipitation of the 
sol 

The viscosity of the sol is similar to that 
of the dispersion medium 

The surface tension of the sol is similar 
to that of the dispersion medium 


On evaporation or cooling, lyophobic 
sols give solids which are not readily 
re-converted into sols by the simple 
addition of solvent 

Thus, lyophobic sols are often termed 
“irreversible sols” 

Examples of lyophobic sols. Metals, 
sulphur, sulphides and silver halides 


Lyophilic Sols 


The individual particles are not 
readily detected by means of the 
ultramicroscope 

Under the influence of an electric field 
the individual particles may migrate 
in either direction, or alternatively, 
not migrate at all 

The addition of small amounts of 
electrolytes has little effect upon the 
sol, although large amounts of 
electrolytes give rise to “salting out” 

The viscosity of the sol is much 
higher that that of the dispersion 
medium 

The surface tension of the sol is 
generally lower than that of the 
dispersion medium 

On evaporation or cooling, lyophilic 
sols form “gels” from which the 
sol may again be obtained by the 

addition of the solvent 

Thus, lyophilic sols are often termed 

“reversible sols” 

Examples of lyophilic sols. Starches, 
gums, soaps and proteins 
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Brownian Movement. In a colloidal solution the individual particles 
move in all directions, as do the molecules in a gas, although they seldom 
come into actual contact with one another since they all "have electrical 
charges of the same sign. On account of their thermal energy these 
particles exhibit a condition of constant movement which increases in 
rapidity with decreasing particle size; this is the so-called “Brownian 
movement. Although particles smaller than approximately 0-2 u* 
cannot be observed directly by means of an ordinary microscope this 
irregular movement of the colloidal particles may be demonstrated by 
the ability of such small particles to scatter light. For this purpose the 
ultramicroscope which is shown diagrammatically in Fig. 128, is employed. 


Condensing 

Lens 


Lens 


A 


- - 


Arc 



y 


Microscope 

objective 





Aperture 

Stop 


Stop 


Cell containing 
solution 


Fig. 128. Ultramicroscope 

When viewed by means of the ultramicroscope each individual particle 
ap E ^ i P ,n ' poi . nt of br 'g ht *‘g ht against a dark background P 

elec rodT o Xh "a’ 1 ?° * ‘ y ° phobic S0 ‘ there are immersed two 

electrodes to which a direct current potential is applied the colloidal 

kn™°[ ^ e,ec ; rodes ’ this phenomenon is termed 

msismmmm 

displXXse e a S nd 1S the P d lained - by the faCt that at the interface between the 

placed on a^p.iSn of S ° f WhlCh are dis ' 

particle is attracted towards tMt i^* el ^ ctr ^ des » Wlth the r e s ult that the 
itself. If between two electrodes immeX haV ‘ n | °, PP ° site pola nty to 

particles is prevented, P a ,though 

* 1 /I = 0001 mm. 
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away from which the charged particles were migrating. This phenomenon, 
which is termed electrosmosis, has had important technological application 
in certain civil engineering projects as a means of dewatering building 
sites on which foundation works were in course of erection. 

Precipitation by Electrolytes. The addition of an electrolyte to a 
lyophobic sol causes the particles to coagulate so that a precipitate is 
finally produced. Under ordinary conditions the electric charge resident 
upon the particles prevents them from coalescing, but the addition of an 
electrolyte gives rise to adsorption of oppositely-charged ions by the 
colloidal particles which thus become electrically neutral. For example, 
sodium chloride provides positively-charged sodium ions which, on 
adsorption, say by the arsenious sulphide sol, gives rise to electrically 
neutral particles which consequently coagulate. 



Fig. 129. Charges on Colloidal Particles ( A ) Positively 

Charged, (B) Negatively Charged 


With increase in the valency of an ion of an added electrolyte, the 
precipitating power increases; thus, bivalent ions are roughly 100 times, 
and trivalent 700 times as effective as univalent ions. The strong precipita¬ 
ting power of the trivalent ion is illustrated by recalling that alum (which 
contributes the trivalent aluminium ion Al +++ ) readily brings about the 
coagulation of blood, a typical colloidal substance. These facts are incor¬ 
porated in the Schulze-Hardy rule which states that the ion causing 
coagulation is of opposite electrical sign to that of the colloidal particle , ana 
the coagulating power increases with increasing valency of the ion. 

Should two sols having charges of opposite electrical sign be mixed, 
mutual precipitation will occur; this is exemplified by the co-precipitation 
of the negatively-charged arsenious sulphide sol and the positive y- 

charged ferric oxide sol when these two sols are mixed. 

Adsorption Indicators. Adsorption effects similar to those descri e 
above are utilized when the so-called adsorption indicators are employe 
for determining the end-point in certain types of precipitation t'trations. 
Adsorption indicators are chiefly derivatives of fluorescein, and to i us 
the principle underlying their application the titration of sodium chlo 
with silver nitrate will be taken as example. When a solution of si 
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nitrate is added to a solution of sodium chloride the precipitate of silver 
chloride initially formed exists, partially at least, in the colloidal condition. 
Now, colloidal particles tend to adsorb their own ions, therefore, previous 
to the end-point, sodium chloride is in excess and the colloidal particles 
of silver chloride adsorb chloride ions to form the negatively-charged 
complex ion which may be represented in symbolic form as [AgClJCT 
Adsorption indicators such as fluorescein and its derivatives are weak 
acids in which the active ion, in so far as adsorption is concerned is the 
negatively-charged, red coloured anion which is incapable of adsorption 
by the negatively-charged complex [AgClJCl'. However, when the end 
point of this titration is passed the colloidal particles of silver chloride 
immediately absorb silver ions, since these ions are then in excess, so that 

fhJn $ ° f , the P^'t'^y-charged complex [AgCl]Ag+ thus formed are 
then capable of adsorbing the red-coloured anions from the indicator. 

r'n, h t Ve beCn n ° ted m the above discussion that the change in the sign 
of the charge on the colloidal particles does not occur until a definite 

ne^ssafv H but K Si "? e ° nly 3 V6r - V sIi S ht ex <*ss of titrant is 

t y ’ th i n d P may be determined with considerable precision 

Table 70 P ads ° r P tlon ,ndicat °rs and their characteristics are given in 

Table 70 


Name 

Colour Change 

Suitable for 
Titration of 

Condition 
Governing Use 

Dibromo dimethyl fluorescein 

Orange to pink 

Chlorides 


Dichloro fluorescein 

Yellow-green 

Bromides and 

Slightly acid 


to pink 

chlorides 

I solution 

Eosin . 

1 

Pink to deep 

Bromides and 

In neutral or 


pink » 

I 

iodides I 

acid solution 

Fluorescein 

• • . * 

( 

Green to pink 

1 

Chlorides, bro- 

In neutral solu¬ 

I 

1 

mides and 

tion only 

Rose bengal (Tetraiodo-tetra- 
chloro fluorescein) 

__ m __ 1 

Deep pink to 
bluish pink 

iodides 

Iodides 


ToJ^hereareHalsoTn'lise 13S ‘ h ° Se < ? uoted in Tab >e 

ion is the cation. ption indicators in which the effective 

12 (t. 44 7) 
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Precipitation by Electrolytes. Lyophilic sols are much more stable 
towards small additions of precipitating agents than are lyophobic sols. 
In fact, it is possible to obtain lyophilic sols without electric charge when 
the particles do not exhibit electrophoresis, but nevertheless the sol is 
quite stable. Under these conditions lyophilic sols are said to be in the 
iso-electric state. This stability is thought to be due, partly at least, to 
hydration of the colloidal particles, the resulting hydrated “shell” pro¬ 
tecting the “bare” particle from the coagulating effect of an added pre¬ 
cipitating agent. The addition of large amounts of precipitating agents to 
lyophilic sols, however, usually results in precipitation, this effect being 
termed salting out by analogy to the precipitation of salts in true solutions 
by the addition of electrolytes. 

Protection. The addition of a hydrophilic sol to a hydrophobic sol often 
stabilizes or protects the latter so that coagulation does not occur so 
readily on addition of a precipitating agent such as an electrolyte. This 
effect is known as protection. The protective action of lyophilic sols is 
expressed in terms of the gold number ; this is defined as the least weight 
(in mg) of the lyophilic sol which must be added to 10 ml of a standard 
gold sol to prevent a colour change from red to blue on the addition of 
1 ml of a 10 per cent aqueous solution of sodium chloride. Some typical 
values of gold numbers and their reciprocals which serve as an index 
to the relative protective efficiency of a lyophilic sol are given in Table 71. 

Table 71 


Gold Numbers and their Reciprocals for Typical Lyophilic Sols 


Sol 

Gold Number 

Reciprocal of 
Gold Number 

Gelatine 

0005-001 

200-100 

Sodium caseinate 

001 

100 

Haemoglobin 

003-007 

33-14 

MM A 

Gum arabic 

015-0-25 

1-4 

Sodium oleate 

0*4-1 -0 

2*5-1 

Gum tragacanth . 

2*0 

0*5 

Potato starch 

25*0 

004 


Viscosity of Lyophilic Sols. Compared with lyophobic sols, lyophilic sols 
are characterized by high viscosities, these high values being P ro a y 
due to the considerable degree of solvation which the latter type o so s 
suffer, so giving rise to the existence of very large particles. 
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, • j ^ quantities of an electrolyte to 

certain sols, for example gelatine sols, concentrated ferric oxide sol, and 

suspensions of fine clays (e.g. the bentonites), results in the formation of a 

pasty gel which is characterized by the ability to liquefy on shaking, but 

o regain its gel form on standing; this phenomenon is termed thixotropy. 


PREPARATION OF COLLOIDAL SOLUTIONS 

In the case of those substances which form lyophilic sols, simple warming 
the substance with a selected dispersion medium is usually all that is 
necessary to attain the colloidal condition. On the other hand for the 
preparation of lyophobic sols, special methods have to be employed Since 

between^ thef s! "1 P “ ide ° f P 1 "* « taS 

particles in an'Ldinary"suspension, 'there*are two'generaf methods of 


Condensation Methods 

[l Preparin § ‘yophob'c s ols by condensation methods it is important to 

‘J* StatCment « us -"y known as^on 
given below ' 6 yP ‘ Ca exam P les of condensation methods are 

hydrolysis takes nhJ Ih f T ? large Volume of boiling water; 
produced as follows. emC ^ roxide and hydrochloric acid are 

FeCl 3 + 3H 2 0 ^ Fe(OH) 3 + 3HC1 

leaving the"ferr^i^ml^d" T C ^°- ride are . removed by dialysis 
obtained by the hydrolysis nf r ^ so utlon - Silicic acid sol may be 

orthosilicates. OtheX^roxide oisZ " ° f ^ or «hyl 

lh ^!!S ” bbromium, ’ he " 

sol provides asampfc offc w“'° n «f arseniou, sulphide 

passed tbroogb a eoid sanded 
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bright yellow sol is produced. In a similar manner, mercuric sulphide sol 
may be prepared by passing hydrogen sulphide through a cold dilute 

aqueous solution of mercuric cyanide. 

Oxidation Method. This method is exemplified by the formation of 
sulphur sols when aqueous solutions of hydrogen sulphide are oxidized by 
the oxygen of the air, by sulphur dioxide or by other oxidizing media such 
as nitric acid or ferric chloride which may be present in a substance under¬ 
going qualitative analysis. 

In a similar manner, selenium sols may be prepared by the oxidation 
of aqueous solution of hydrogen selenide. 

Chemical Reduction Method. Metals are often obtained in the colloidal 
state by reduction of solutions of their salts by means of reducing agents. 
Typical reducing agents include formaldehyde, hydrazine, hydrogen and 
phosphorus; inorganic reducing agents are of less general application than 
organic reducing agents since they give rise to the precipitation of particles 

of greater size than those of colloidal dimensions. 

Colloidal gold may be obtained by the reduction of chlorauric acid by 
tannic acid, formaldehyde, hydrazine, or white phosphorus dissolved in 

ether. . . , 

Colloidal silver is obtained by the reduction of silver nitrate solution witn 

hydrazine. Other precious metals such as those of the platinum group may 

also be obtained as colloids by reduction with hydrazine. These so s 

appear red or brown in colour when examined by transmitted light and 

blue by reflected light. f 

Exchange of Solvent. This method is exemplified by the formation ot 

stearic acid sol which is obtained when a hot, concentrated alcoholic 

solution of stearic acid is poured into water, in which stearic acid is on y 

very slightly soluble. This is in accord with von Weimarn's rule. 


Dispersion Methods 

The Colloid Mill Method. In the colloid mill, two or more circular 
plates rotate at a high speed, each in the opposite direction to its neig 
hours. Into the space between the plates a suspension of the so 1 
dispersion medium is slowly fed, a protective agent often being adaea 
well. As a result of the grinding process the particle size is fina y .j 
to colloidal dimensions. This method is of considerab e 

Bredig’s Method. In this method an electric arc is struck..^^the 

electrodes of a metal immersed in a selected dis P^ rs ! on . m f colloidal 
electrodes are of the metal which it is desired to obtain in £” al 
state. The intensity of the electric arc causes disintegrate 

constituting the electrodes. often be 

Peptization by Ions. Freshly precipitated substanC * to form the 
reconverted into the colloidal particles which have coagulated 



PREPARATION OF COLLOIDAL SOLUTIONS 347 

precipitate, by the addition of suitable reagents, usually those having one 
ion in common with the precipitated substance. ® 

ferrir eS rhln Pr H eCipita / ed h y droxide > obtained by the interaction of 
rhWi h h c d n a ? d ammonium hydroxide, may be peptized by ferric 
IMiH l Slm ! larl y- ™ an >' sulphide precipitates may be converted to the 
colloidal condition by passing hydrogen sulphide through an aqueous 

in US s P uThTse°s FeCi P itate; the h >' dro g en s ^Ph'<ic is the peptizing agent 

Washing Methods. It is well known that a precipitate tends tn mn 
through the filter paper when being washed free from electrolytes This is 
due to the fact that the electrolytes were initially responsible for causin, 

PWMM* t0 C ° a S ulate t0 form a precipitate and the removal of the 
electrolyte leaves the precipitate free to assume the colloidal condition. 
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CHAPTER 15 


THE INERT GASES 


Introduction and Electronic Structure. The inert gases comprise the 

elements, helium, neon, argon, krypton, xenon and radon. These elements 

orm the Group 0 family of the Periodic Classification and have 

the following electronic structures (often referred to as “the inert-pas 
structures”) 6 


Helium 

He 

2 


Neon 

Ne 

2 . 

8 

Argon 

A 

2 . 

8 

Krypton 

Kr 

2 . 

8 

Xenon 

Xe 

2 . 

8 

Radon 

Rn 

2 . 

8 


8 

18 . 8 

18 . 18 . 8 

IB . 32 . 18 . 8 


ofThf 6 el f Ctr ? niC s * ructures > whic h are now well established as a result 
of the explanation of atomic line spectra in terms of quantum numbers 

on e the n fac? tterSi 566 electronic arrangement shown bek-w] 

the tact that these elements are chemically inert Since chemical 

doming cS4°S'„“ t LTcx"™r,'|a'' ^ ** 


Helium 

He 

2 


Inert 

Lithium 

Li 

2 

. 1 


Beryllium 

Be 

2 

. 2 


Boron 

B 

2 

. 3 


Carbon 

Nitrogen 

C 

N 

2 

2 

. 4 

. 5 

- Chemically reactive 

Oxygen 

O 

2 

. 6 


Fluorine 

F 

2 

. 7 


Neon 

Ne 

2 

. 8 

Inert 
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Extending this argument to the whole of the Periodic Table suggests 
that the electronic structures of the inert gases are— 


Helium 

2 



Neon 

2 . 8 


( 8 elements from He to Ne) 

Argon 

2.8. 

8 

( 8 elements from Ne to A) 

Krypton 

2.8. 

8 . 18 

(18 elements from A to Kr) 

Xenon 

2.8. 

8 . 18 . 18 

(18 elements from Kr to Xe) 

Radon 

2.8. 

8 . 18 . 18 . 

32 (32 elements from Xe to Rn) 


This arrangement was later changed to the arrangement shown at the 
beginning of the present chapter as a result of a more detailed knowledge 
of the properties of the elements and, in particular, to two facts— 

(< a ) The realization that th^ “transition elements” are not limited to 
those found in Group VIII (iron, cobalt, nickel, etc.) but form a body of 
some nine elements which occur approximately in the middle of each long 
period. Since there are three long periods, there are three groups of 
transition elements. These elements all show variable valency (usually 
two and three), form coloured salts and have catalytic properties. They 
result from a progressive increase in the penultimate electronic orbit, the 
outer orbit remaining unchanged in its incomplete state— 

Transition Elements 


(Only the penultimate electronic orbit increases) 


Scandium 

Sc 

2 . 

8 . 

9 . 

2 

Titanium 

Ti 

2 . 

8 . 

10 . 

2 

Vanadium 

V 

2 . 

8 . 

11 . 

2 

Chromium 

Cr 

2 . 

8 . 

12 . 

2 

Manganese 

Mn 

2 . 

8 . 

13 . 

2 

Iron 

Fe 

2 . 

8 . 

14 . 

2 

Cobalt 

Co 

2 . 

8 . 

15 . 

2 

Nickel 

Ni 

2 . 

8 . 

16 . 

2 

Copper 

Cu 

2 . 

8 . 

17 . 

2 


Similarly, the elements from yttrium to silver in the second long peno 
and the elements from hafnium to gold in the third long period are 
classed as transition elements, since they all contain incomplete outermos 

and penultimate electronic shells. , 

(, b ) The discovery of a group of elements, known as the rare-ear 

elements, which have almost identically the same chemical properties. 
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very close similarity is due to these elements having the same electronic 
configuration in their outermost and penultimate shells, viz.— 

Rare-earth Elements 

(Only the antepenultimate electronic orbit increases) 


Lanthanum 

Cerium 

La 

Ce 

• • 

2 . 

2 . 

• t • t 

8 . 

8 . 

18 . 

18 . 

18 

19 

. 9 

. 9 

Lutecium 

Lu 

2 . 

8 . 

18 . 

• • • • 

32 

. 9 


indudefrr K° riginal Peri ° diC Classi fi c ation of Mendeieeff did not 
"me hnt thdr P ° f because not oni y were the inert gases not known at that 
in 1785 showed ,u e . nC t u WaS n0t CVen sus P ected - is true that Cavendish 
other eases besides , atmo ;>P here contained small quantities of some 
Lord Itvle d T gCn and nitro g en ’ but it was not until 1894 that 

to theSTion Tth 0Ut hlS classical work wh 'ch led in the same year 

occurred or this ni T™ gaS by Ramsa y- No vacancies > however, 
“ for th,s new element in Mendeleeflf’s classification, but the realiza- 

h a " ?me c1uld W o aS l C ° mpICte ^ different fr ° m the other eIe mcnts known at 

covered fam lv 0 ^" f that 1‘ WaS a member a new, as yet undis- 
covered, family of elements. Argon was placed between chlorine (* 

poS £» «“ a <“ s“” "Lo. 

Groun 0 Th d ; f °™ e ? a member ° f the new family? known as 
followed.' h 6ry ° f the ° ther dements of this family then soon 

of'the' ?ns^ d of R aShp made “ ° f Ver y accuratc determinations 

density was shghtIv'greater to ^ 1 rogen > and found that in each case the 
chemically (fo? example f om F** tHan that ° f nitro g en obtained 
which was too gmauo be due ,0 ™ S V6ry Sma " difference, 

be due to the prtsence in atmosnh eXpenmental e ™r, was soon shown to 
and unrecognized eas armn h‘ C " °S en of a Previously unsuspected 
in 1894. Ah- purified’from ^ as ‘ s °! ated by Rayleigh and Ramsay 

ammonia, eta) was pas^d[ kahne & ases (e -S- carbon dioxide, 

remove the oxygen_ P P e ly over heated metallic copper to 

2 Cu + 0 2 = 2CuO 

and then over heated magnesium to remove the nitrogen- 

3Mg N 2 = MgaN;, (magnesium nitride) 

of these reactions ° It § wa^sho" 6 * 1 , Wh ? Ch “ u| d not be removed by either 
“argon." “ W3S Shown to be chemically inert and was called 


4 
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The isolation of other inert gases soon followed. In 1895, Ramsay 
isolated helium from the gases evolved from Cleveite, a mineral of the 
pitchblende (radio-active) group of minerals, and like argon, helium was 
found to be chemically inert. Two elements of the Group 0 family were 
thus known. 


A systematic investigation of the gases in the air by Rayleigh and Ramsay 
then followed. By evaporating considerable quantities (120 tons) of 
liquid air, they obtained a residue from which they isolated krypton and 
xenon; from their argon fraction they isolated helium and neon as well 
as argon. It followed that “argon” as originally isolated in 1894 must have 
been a mixture of argon and these other inert gases. 

The last member of the Group 0 family, radon , was discovered in 1901 
by Dorn in the emanation which is formed by the radio-active element 
radium. Originally called “niton” by Ramsay, and also known by the 
name “emanation,” radon occurs in several isotopic forms—radon from 
radium, thoron from thorium, and actinon from actinium. Of these 
only radon is prepared industrially. 

Preparation. All the inert gases, with the exception of radon, are 
obtained industrially from the atmosphere. The most important source of 
helium, however, is the natural gas which issues from the ground in certain 
areas, particularly in Canada and in the U.S.A. The carbon dioxide 
(about 0-5 per cent by volume) is first removed from the natural gas by 
solution in sodium hydroxide under pressure, and the remaining gas then 
cooled progressively to — 185°C at a pressure of 300 lb/in. 2 Under these 
conditions only the helium and a small amount of nitrogen remain 
unliquefied. This helium-nitrogen gas mixture is led off and subjected to 
further cooling to liquefy and hence separate the nitrogen. The helium is 
then stored under high pressure in steel cylinders for distribution. 

Helium is also recovered from certain minerals, such as Monazite sand, 
by heating to about 1000°C. The evolved gases are freed from carbon 
dioxide by washing with sodium hydroxide, from carbon monoxide and 
hydrocarbons by passing over heated copper oxide (to form carbon 
dioxide and steam) followed by further washing with sodium hydroxide, 
from nitrogen by passing over strongly heated magnesium, and finally over 
heated calcium to remove any remaining gases other than helium, 
presence of helium in these minerals is due to the radio-active proper ie 
of the latter which result in the very slow formation of helium, 
continuous nature of this radio-activity since the beginning of time may 
result, however, in some 1000 litres of helium being recovere rom e 


ton of the mineral treated. . • 

The recovery of helium, neon, argon, krypton and xenon from a 
now effected during the process of obtaining oxygen by the uqueta 
fractional distillation process described on pp. 381 to 384. The ™ e _ on 
based, as in the case of the separation of the oxygen from mtr g , 
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Gas 

B. P. (°C) 

Helium 

• • 

- 269 

Neon . 

- 246 

Nitrogen 

- 196 

Argon . . . J 

- 186 

Oxygen '. . . j 

- 183 

Krypton 

- 153 

Xenon . . . • . j 

- 107 


the small but definite differences in the boiling points of the different 
gases present. 

Table 72 

Boiling Points and Proportions of Gases in the Atmosphere 

Gas B P (°C) Proportion in Air 

! (by vol) 


t; e,lum • • • ~ 269 1 part in 200 000 

V; eon • • • “ 246 1 part in 65 000 

N ' ,r °s en ■ j — 196 78 03 per cent 

A r g on ■ . . — 186 0-94 per cent 

Z XyS T ■ ■ ■ — 183 20-99 ner cent 

Krypton . -i — 153 1 part in 1000 000 

Aen ° n • • • j — 107 1 partin 11000 000 

S !)i OWS h ° W lhe incrt S ases con «ntrate in different 
their boiltng pSs dlStl “ at, ° n C0,Umn ’ as a resalt of >he differences in 

Helium and neon, which both have boiling points well below those of 
n, rogen, rematn (with an appreciable proportion of nitrogen) in the 

ooSo^T^clT WhiCh has n0t liquefi " d - This S as is subsequently 
cooled to 196 C under pressure to remove the nitrogen, and the helium 

jess* a h dirri b i:. ,h ' - orcoo " d *»«- »«** 

Argon, with a boiling point between that of nitrogen and oxv^en 

s£SS5=S ~ 1 ~~ 

The present-dav demand f!? r P l V h ox ygen and nitrogen impurities. 

electric lamps is so great that sneria^ ^ enon for use in filament 

which separate only these tw/gase! from the air" 1 ' ^ deVelo P ed 

mined by the relativTdl^sff^ baVe been deter ~ 

measurements being those of Whvtlaw r£v 6 m ° reCent accurate 
micro-balance. Theabsence of rh/m' i ^ USln & an irn P roved form of 
Of their atomic wetght bfcheS^ pr f eclude ^termination 

could be found for determinimX ‘ L S ’ f bl,t ‘ f SOme othcr method 
the inert gases their atomir ? • ® ” umt>er f ° atoms ln the molecules of 

from the molecular weights The then be determined directly 

weights. The specific heat method described on p. 88 
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provides this information. Theory shows that the ratio of the specific 
heat at constant pressure to that at constant volume has the value of 
1*67 for a monatomic gas, and progressively lower values approaching 


NITROGEN 


NITROGEN 


ARGON 



EX PA NS ION 
ENGINE 


40% LIQUID OXYGEN 
60% LIQUID NITROGEN 


4%LIQUID OXYGEN 
96% LIQUID NITROGEN 


KRYPTON 
& XENON 


Fig. 130. Fundamental Operation of Segregating Atmospheric Gases 


unity for more complicated gaseous molecules. The value of 167 found 
for the inert gases thus shows that their molecules are monatomic so that 

their molecular weights are also their atomic weights. 

The atomic weight of argon (39*944) is slightly greater than that o 
potassium (39*096) the succeeding element in the Periodic Classification. 
On the old theory that periodicity is a function of atomic weight, t is 
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suggests that the positions of these two elements in the Periodic Table should 
be reversed, with potassium coming in Group 0 and argon in Group I. 
The properties of these two elements, however, clearly indicate that 
potassium should be placed in Group I, and that argon should precede 
potassium in spite of its greater atomic weight. This anomaly was not 
explained until it was realized that atomic number and not atomic weight 
is the fundamental quantity which determines periodicity, and that the 
atomic number of argon (18) is less than that of potassium (19). The 
slightly higher atomic weight of argon compared with potassium is due to 
argon being a mixture of three isotopes (36, 38 and 40) in which the 
heaviest predominates whilst potassium consists mainly of the lightest 
of its three isotopes (39, 40 and 41). 

In the following table of melting points and boiling points, it will be 
observed that these increase with increase in atomic weight. 


Table 73 

Boiling Points and Melting Points of Inert Gases 


Inert Gas 

At. Wt. 

M. P. 

B. P. 

Helium . . .1 

4-002 

- 272-0 c C 

- 268*8°C 

Neon 

20-18 

- 248-7°C 

- 245-9°C 

Argon 

39-94 

- ISS-O'C 

- 186-0°C 

Krypton . 

83-7 

- 169-0°C 

— 151-7°C 

Xenon 

1 131-3 

- 140-0°C 

- 109-0°C 

Radon 

j 222-4 

- 71-0°C 

- 61 -8 c C 


That the inert gases are chemically inert has long been accepted as a 

fact, but recent investigations suggest that under certain conditions some 

compounds may be formed. It has been seen that the efforts of Ramsay 

to prepare compounds of the inert gases proved unfruitful. The valency 

ot these elements was therefore zero and they fitted conveniently into 

roup of the Periodic Table. However, it is now recognized that the 

maximum numbers of electrons in the various electron shells is sometimes 
greater than are found in the inert gases, e.g.— 


Shell 

1 

2 1 

3 

4 ! 

5 

6 

Maximum number of 







electrons (2 n 2 ) . .' 

2 

8 

1 18 

32 

50 

72 

Argon 

2 

8 

8 



™ --- 

Krypton . 

2 

8 

18 

8 



Xenon 

2 

8 

18 

18 

s 


Radon 

2 

8 

18 

32 

18 , 

f 

8 








358 


THE INERT GASES 


it is thus seen that the elements argon, krypton, xenon and radon have 
incomplete outer shells, which might be capable of expansion (up to the 
limit of 2 n 2 ) if these elements acted as acceptors of electrons. 

If the view that molecules co-ordinate by giving electrons to an acceptor 
as in [Co (NH 3 ) 6 ]C1 3 be correct, then there appears no reason why 
similar co-ordination compounds should not occur also with the inert gases 
since they too should be able to accept electrons. If, however, co-ordina¬ 
tion results initially from the attraction between a molecule with a dipole 
moment to a central ion, the likelihood of co-ordination occurring with 
the inert gases becomes less probable. Even on this view, however, 
there is the possibility that under suitable conditions a central ion 
might polarize an inert gas atom sufficiently for co-ordination to occur. 
Such compounds would be expected to be unstable at room tempera¬ 
tures, but this instability would not prevent their being recognized as 
compounds. 

De Forcrand first found that a mixture of the inert gas with water when 
cooled under pressure formed crystalline hydrates. The number of 
molecules of water associated with each atom of inert gas was reported as 
3-5 for argon, 5 for krypton, and 6 to 7 for xenon, although symmetry 
considerations suggest that these numbers should be six in each case, for 
example, A. 6H 2 0. It is probable that these unstable hydrates result 
from a dipole attraction in which the water molecule polarizes the inert 
gas atom to which it is attached to from a very weak co-ordination 
compound. 

Booth and Willson (1935) studied the freezing-point curves of argon and 
boron trifluoride, and from the existence of a series of maxima they 
concluded that under pressures of the order of 40 atmospheres, and at 
temperatures in the range — 127°C to — 133°C, compounds of the form 
A (BF 3 ) n exist, n having the values of 1, 2, 3, 6, 8 and 16. 

Helium does not form compounds of this type, but under a sufficiently 
strong energy excitation, for example, in a discharge tube, one of its 
electrons may be promoted to a higher level and molecules of short life 
formed. Examples include HeH and He 2 , compounds which are familiar 
to the spectroscopists though unobtainable in bulk. Similarly, Manley 
in 1927 found that when helium under low pressure is contained in a tu 
over mercury, oscillation of the latter sets up a glow discharge which is ac 
companied by a decrease in pressure. Very careful experiments showed te 
formation of a gaseous mercury helide, probably HgHe 2 . Boomer in 
found that a glowing tungsten filament in helium in a discharge tu e 
gave a solid black deposit which could be collected and weighed. ® 
amount of helium so combined was determined from the decrease i 
pressure, and indicated the black deposit to be a helide of tungsten wi 
the formula WHe^ Damianovitch found that the use of P laU ™ 
electrodes in a helium discharge tube produced a solid platinum e 1 e. 
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Clathrate Compounds. H. M. Powell of Oxford has recently described 
the preparation and properties of certain organic compounds which con¬ 
tain inert gas atoms held in the solid molecular lattice. The inert gases are 
absorbed during crystallization of the organic compound and can only be 
released from their pockets in the solid crystals by melting the latter 3 

Uses. The increasing industrial importance of the inert gases in recent 
years may seem remarkable in view of their inertness and difficult availa¬ 
bility. This increasing importance, however, is due to this lack of chemical 
reactivity and also to their possession of some very desirable electrical 
properties, both of which have led to their use in gas-filled filament 

lamps, in gas-conductor discharge tubes, and in the more recently 
developed fluorescent tubes. ' 

Argon has now largely replaced nitrogen in gas-filled incandescent 

amoTheT PS ’ considerable increase in efficiency. In some types of 

fZheMnn 8 ° n a 1 K replace u d b y kr ypt°n and xenon, the efficiency being 
further increased by one-third as a result. ° 


Table 74 


Gases and T yP es °f Glass employed for Discharge Lamps 


Colour 

Gas 

Pressure 

(mm) 

1 

I 

Glass 

• 

Mercury 

Deep red . . j 

Red 

Yellow . ’ ' 

Light green 

Dark green 

Light blue 

Dark blue. . 1 

White . 1 

* * 1 

Neon 

Neon 

Helium 

Argon + Neon 
Argon + Neon 
Argon + Neon 
Argon + Neon , 
Helium 

10-18 

10-18 

3-4 

10-20 

10-20 

10-20 

10-20 

3-4 

1 

1 

Soft red 

Clear ( 

Amber 

Green 

Amber 

Clear 

Purple 

Clear ! 

None 

None 

None 

Present 

Present 

Present 

Present 

None 


tro T d h e : s!rdTn^cht?an?fi!Sur SiStS °f 3 8 ' 3SS tube with ^ 
inert gases, such as neon topether q t ^ Ver ^ OW P ressure with various 
a potential of the order of L 3 llU . le mercur y- When 

develop high electrical conduct' t vo ts 1S a PP kec l> the inert gases 

colour of ILhTs determined h 3nd g ‘° W with an intense Kg* the 
The current* th § e tube. 

much less than with the normal m 5 t0 50 milhamperes, that is, 

trace of an organic compound nrnH mQn [ type of lam P- Addit >on of a 

T "' increa singly p„ pu „ r tb'n,i„ „r 
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inert-gas filled tubes which are provided with a coating of a fluorescent 
material on the inside of the glass. This material absorbs the invisible 
and ultraviolet radiation emitted by the inert gas and emits instead a 
colour which is characteristic of the nature of the material. This light 
supplements the visible radiation emitted at the same time by the inert gas. 
The following table lists some of the more important fluorescent materials 
in use— 

Table 75 

Fluorescent Materials 


Material 

Colour Emitted 

Calcium tungstate 

Blue 

Magnesium tungstate 

Blue-white 

• 

Zinc silicate .... 

Green 

Zinc beryllium silicate 

Yellow-white 

Cadmium silicate 

Yellow-pink 

Cadmium borate 

Pink 


Helium has other uses in addition to those discussed above. It is 
used instead of the very inflammable hydrogen in lighter-than-air craft, 
such as air-ships, because it is non-inflammable and has almost as great 
a lifting power (92*5 per cent of that of hydrogen). It is also used in 
admixture with oxygen to provide an “artificial-air'’ suitable for tunnel- 
workers and deep-sea divers, helium being much less soluble in the blood 
than is nitrogen, and this substitution tends to prevent the formation of 
bubbles in the blood, known as caisson disease , when the pressure is 
released. 





CHAPTER 16 


HYDROGEN 


Occurrence. Only very small amounts of hydrogen gas occur in the 
atmosphere, a fact which might be anticipated from the unique position of 
hydrogen as both the lightest gas and lightest element. Spectroscopic 
observanons, however indicate the presence of the gas in certain stars and 
celestial bodies, and the sun s chromosphere appears very largely to be 



made up of huge flames of burning hydrogen. In the combined state 
petfum ipi "mineraf X 

denature' ““ abUndant and wide - s P read distribution of hydrogen 

f=S SS Xstts 

narrow confines and liUed t alwa - VS convenient in the 

between laborarorv and com ^ e , 0f th u e 'aboratory. This distinction 

desirable a separate treatment alth mt '' h ° ds of preparing gases makes 
same. para e treatment, although the methods are basically the 

S b Ac a bnn P / CParation - The four me thods to be discussed are- 

(C) aCti ° D ° f t 0 heSis; ( l a d Ct g) etTr e ^°LXd r s 0r 
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Action of Metals on Acids 

This is the usual laboratory method. The metals commonly used include 
granulated zinc, magnesium ribbon, or iron filings, and the acids hydro¬ 
chloric or sulphuric. The diagram (Fig. 131) shows the form of apparatus 
which may be used to liberate and collect the gas. The zinc or other 
metal is first placed in the Woulfe bottle, and the dilute acid then added 
via the thistle funnel. The hydrogen is collected over water in the pneumatic 



trough. In the case of zinc and sulphuric acid, the equation for the reac¬ 
tion is— 

Zn + H 2 S0 4 = ZnS0 4 + H 2 

The reaction may also be carried out in a Kipp's apparatus if an 
mittent and plentiful supply of the gas is required. One form ° 
apparatus is shown in Fig.. 132. The granulated zinc is 1 h 

middle bulb and dilute acid poured into the top container. W e 
tap A is opened, the acid enters the middle bulb and reacts wi 
zinc to liberate hydrogen. When the tap A is closed, the hydrogen 
continues to be generated in the middle bulb eventually depresses 

of the acid below the zinc and the reaction ceases. thod 

The impurities present in the hydrogen prepared by tnis m 
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include arsine, AsH 3 (from arsenic impurities present in the zinc), sulphur¬ 
etted hydrogen, H 2 S, and sulphur dioxide, SO, (due to reduction of the 
sulphuric acid by nascent hydrogen), together with some hydrocarbons 
(Jlrom the action of hydrogen on compounds and elemental carbon present). 
The arsine and sulphuretted hydrogen may be removed by bubbling the 
hydrogen through a solution of silver nitrate, the sulphur dioxide via a 
solution of sodium or potassium hydroxide, and finally the hydrocarbons 
via a strong solution of potassium permanganate. When, however pure 

£,:r ed " i! “ ai ,o pre p are <> *■>' 

Not all the metals, nor all the acids, react with equal facility to liberate 
g ? n ' IT faCt ° r , S h3Ve ‘° be cor| sidered. These are (a) the chemical 

same'YtV °f r® ^ neta l> an 5 i ^ lhe strength and concentration (not the 
same thing) of the acid. The reaction is essentially an electrolytic one 

involving the discharge of hydrogen ions at a metal electrode. The greater 

the electrode potential developed by a particular metal in a solution the 

nntentiT y W ‘ 'T T C “° n occur - For a full discussion of electrode 
potentials *<?<? p. 267. It will be sufficient here to add that the relatively 

non-reactive “coinage” metals and copper have an electrode potential 

which is less than that for the hydrogen electrode, so that these metals 

tremme d t‘ SC Ih rge h £ dr °S en i0nS ’ a " d S ° d ° not liberate hydrogen on 

he TT 6 6r W ‘, th Water ° r with acids - T he metals above hydrogen in 

th» ®^ tro P otent, al senes of the metals are potentially able to do so but 
the ability increases with ascent of the series u 10 uo so. Put 

nri H? nSldCril ! 8 n6Xt ‘, he S£Cond factor ’ namel y 'he acid, clearly the strong 

thefr arlT pr ° d , UCe more h y dro g en ion s than the weak acids (due to 
, ,i 8 uf ter de S ree ionization), will be the more reactive. The “strong” 
hydrochloric acid will thus be much more effective than the feehtv i ■ 8 h 

Sts 

tec - 

diteMZwoSc'oTiXhu* ZT’r ma «"' sium rib »” “d very 

•nd bench <2N) dilute 

lead require the concentrated acids and heat ’ ° V) tln and 

copper sulphate solution he c n * f howev er a drop or two of a 

deposited on the zinc by the reaction— am ° UntS ° f metallic copper are 


Zn f CuS0 4 = ZnSO, + Cu 
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and the resulting zinc-copper couple then reacts vigorously with the acid. 
In this case the reaction is virtually a simple cell reaction in which the two 
electrodes are in contact (see Fig. 133). 

No mention has so far been made of nitric acid, and this omission until 
now is due to the fact that in addition to being an acid, nitric acid is also 
a very good oxidizing agent. Any hydrogen liberated apparently reduces 
the acid so that instead of hydrogen being liberated, various oxides of 
nitrogen (brown gases) are evolved. If, however, the nitric acid be very 
dilute and a reactive metal such as magnesium be used, some hydrogen 
escapes and may be collected. 



Pu re Zn -no action Simple Zn-Cu Cell Zinc-Copper Couple 

Fig. 133. Electrochemical Corrosion of a Metal 

Action of Metals on Water 

A detailed discussion of the reaction of the metals with water or steam is 
given in the properties of water (see p. 408). These reactions may be 
briefly summarized here, as follows— 

(i) Very reactive metals, such as potassium and sodium, react immedi¬ 
ately with water at ordinary temperatures to liberate hydrogen and form 
the corresponding hydroxides— 

2Na + 2H 2 0 = 2NaOH + H 2 t 

(ii) The less reactive metals, such as magnesium and zinc, require more 
vigorous conditions and will burn when heated strongly in steam, in this 
case to form the oxide of the metal— 

Mg + H 2 0 = MgO 4- H 2 t 

(iii) Iron and tin react without burning when heated strongly in steam, 
the iron reaction being the basis of a commercial method for preparing 
relatively pure hydrogen— 

3Fe + 4H 2 0 = Fe 3 0 4 + 4H 2 t 

(ferroso-ferric 

oxide) 

Copper and the baser metals do not liberate hydrogen from water under 

any conditions. . • m 

The reaction with water probably follows the electrolytic mecha 
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discussed in connexion with the reaction of the metals with acids, but the 

reaction with steam in which the oxide of the metal is formed is presumably 
one of direct oxidation. r J 

Action of Metals on Alkalis 

Those metals, such as aluminium and zinc, whose oxides are amphoteric 
may react with the alkalis on heating to liberate hydrogen. Thus_ 

2A1 + 2NaOH + 2H,0 = 2NaA10 2 + 3H> 


Zn -f 2NaOH = Na.>ZnO., + H.> t 

In view of the discussion on the preceding two methods, the student 

will appreciate that this reaction is compounded of two consecutive 
reactions— 

oxidenrhvH ^ ^ ° U water t0 form an insoIuble coating of the 

oxide or hydroxide which prevents further action by the metal— 

followed by— Z " + 2H '° * 2n< ° H, ‘ 1 + «■ ' 

££. h °' a ‘ k '" ° f ,h ' <““» “ hydroxide, doe ,o i,» 

Zn(OH) 2 + 2NaOH = Na 2 Zn0 2 -j- 2H.,0 

sodium zincate 

In the case of the aluminium, the consecutive reactions are— 

2AI + 6H 2 0 = 2Al(OH) 3 + 3H 2 t 
AKOH), + NaOH = NaA10 2 + 2H 2 0 

sodium aluminatc 

hJ? ? a ? h CaSe ’ ! he continuous removal of the insoluble hydroxide coating 

fresh s " ra “ ° f ““ - sra 

Electrolytic Methods 

of 6 ? ™ ydr ,°f n iS U / U , ally P re P ared the laboratory by the electrolysis 

~ ~ SS5 

Ba(OH) 2 ionization: Ba(OH) 2 -> Ba++ + 2(OH)~ 

Discharge of Ba++ ions at the cathode: Ba++ + 2e -*■ Ba 

,he ~ ^ 

Ba + 2H 2 0 = Ba(OH) 2 + H 2 
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It is now known that the hydrogen is formed directly by the neutraliza¬ 
tion (i.e. discharge) of hydrogen ions at the cathode. The solution of 
barium hydroxide contains, in addition to Ba 4-4- and (OH)“ ions produced 
by ionization of the barium hydroxide, H + and (OH)“ ions produced by 
ionization of the water— 

Ba(OH) 2 ^ Ba++ + 2(OH)~ 

H 2 0 ^ H+ + (OH)- 

Since ions have a lower discharge potential than Ba 4-4 " ions, the 
H + ions are preferentially discharged at the cathode and no metallic 
barium is produced. The function of the barium hydroxide, a strong 
electrolyte, is to increase the conductivity of the water. Although the 
concentration of H+ ions in the solution is extremely small, the removal of 
hydrogen ions at the cathode upsets the ionization equilibrium and more 
water ionizes. The concentration of H + ions in the solution is thus 
maintained at a constant value throughout the electrolysis. At the anode, 
oxygen is liberated by the discharge of hydroxyl ions— 

(OH)" -► (OH) + 

4(OH) -> 2H 2 0 + 0 2 

The hydrogen which collects in the cathode chamber is first passed 
over hot platinum gauze when the following catalytic reaction ( see p. 219) 
removes the small oxygen impurity carried away from the Ba(OH) 2 
solution by the hydrogen— 

2H 2 + 0 2 = 2H 2 0 

The gas is then passed over phosphorus pentoxide to dry it and finally 
adsorbed in freshly activated palladium metal, from which it may sub¬ 
sequently be regenerated by heating. A modification of the palladium 
adsorption technique consists in allowing the hydrogen to diffuse through 
an electrically heated palladium thimble. This method of purifying 
hydrogen may also be applied to hydrogen prepared by the other metho s, 
so long as any arsenic and sulphur compounds which would tend to 

poison the platinum catalyst are first removed. 

Commercial Processes. The principal commercial processes for pre 

paring hydrogen are— , * h 

(a) Electrolytic methods; (6) the iron-steam or Lane process, (c) 
water-gas or Bosch process; (d) the thermal “cracking of hydrocar o 
gases; ( e ) the action of steam on hydrocarbon gases; (/) from ammoni 
and (g) from coke-oven gases. 

Electrolytic Methods 

Where electrical power is cheap, and only a moderate amount of h y d ™S e " 
is required, the best method appears to be the electrolysis o 
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aqueous solution of sodium hydroxide using usually an iron cathode and 
a nickel-plated iron anode. The reactions involved are those discussed 
above. A considerable amount of hydrogen however, is also obtained as a 
by-product of the electrolysis of sodium chloride solution in the manu¬ 
facture of sodium hydroxide (see p. 428). 


The Lane or Iron-Steam Process 


Hydrogen of about 98 per cent purity is produced by passing excess of 
f ea P, over a k ed of spongy or “reduced'’ iron, heated externally to about 
650 C. The steam reacts with the iron to form black magnetic oxide, 
Fe 3 0 4 , and the liberated hydrogen is carried away by the excess of steam! 


3Fe + 4H 2 0 ^ Fe 3 0 4 + 4H 2 t 

The ^ sign indicates that the reaction is a reversible one. By passing 
excess of hydrogen over the heated Fe.O,, the reaction occurs in the 
reverse direction and results in the formation of metallic iron and steam 
together with the excess of hydrogen. This fact is utilized to convert the 
e 3 0 4 back to metallic iron, f or this purpose, water gas, produced by the 
action of steam on white hot coke, is used as the source of hydrogen— 

h 2 o + C = CO + H 2 

coke 


practice the two processes are carried out alternately. The steam is 

P* S ed over * he lron bed for some ten minutes and the resulting hydrogen 
ollected, the steam is then shut off and water gas (CO + H 2 /is then 
passed over for about twenty minutes. The waste water-gas issuing from 

the reaction chambers is then allowed to burn around the retorts to main 
tain the temperature of the iron at 650 r C. 


The Water-Gas or Bosch Process 

S e 5 M°cT P ' 229) ^ m ' Xed With excess of steam an d passed at about 
oxide. 5 0 Cr 3 Cata ' ySt ° f the ir ° n ° xide *yP e activated by chromic 


h 2 o 

steam 


CO + Ho ^ C0 2 + 2Ho + 10 000 cal. 


water gas 

pre^n^ofrdtalvs't '^Tk ^ eXOt i? ermic - and s ° is carried out in the 

equilibrium conversion If thTrarb™ 18 , neCessar >' to '"crease the 

hydrogen The hvdrna™ c f bor \ mon °x>de to carbon dioxide and 

and some Jrbol monoxide The rfh carbon dioxide (mainly) 

with water under 25-50 atrnrvs u r on dioxide is removed by washing 

r. ™” d "K” re) - and ,h ' “ 
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The Thermal Process 

Hydrogen is now produced very cheaply from the natural gases (methane, 
ethane, etc.) issuing from oil wells. These are decomposed by passing 
over chequer-brickwork heated to a temperature of about 1200°C. Carbon 
black is a very valuable by-product. 

CH 4 = C + 2H 2 ; Cane = 2C + 3H 2 

Hydrogen is also prepared from natural gases, (which have been 
purified from sulphur compounds), by reaction with steam in presence of 
alumina as catalyst— 

CH 4 + H 2 0 = CO + 3H 2 

The yield of hydrogen is increased by admixture with more steam and 
passing over a suitable iron catalyst at 1100°C, or over activated nickel 
at 800°C— 

co + h 2 o = co 2 + h 2 


Partial Liquefaction of Coke-oven Gas 

Considerable quantities of hydrogen are nowadays recovered from the 
gases issuing from coke-ovens (see p. 591). Liquid nitrogen, produced in 
large quantities as a more or less waste product in the industrial process 
of manufacturing oxygen by the fractional distillation of liquid air, is used 
to liquefy and hence separate the less volatile gases (hydrocarbons, 
carbon dioxide, etc.) present in coke-oven gas. Any remaining carbon 
dioxide is removed by washing with ammonia solution, and the residual 
gas, mainly hydrogen and nitrogen, is mostly used in the manufacture of 
ammonia by the Haber Process. 


From Ammonia 

When ammonia gas is heated to about 850°C and passed over an activated 
catalyst, it decomposes to produce a gas composed of three volumes o 
hydrogen and one volume of nitrogen. 

2NH 3 = 3H 2 + N 2 

Where a supply of liquid ammonia in cylinders is economically available, 
this method is useful in providing a non-oxidizing nitrogen-rich gas o 
the heat-treatment of metals. 


Physical Properties of Hydrogen. Colourless, odourless and taste , 
hydrogen is almost insoluble in water (2 vols in 100 vols water a ’ 
is the lightest gas known, is very difficult to liquefy and solldl ■£ . 
although not poisonous will not support life. The three pr P * 
solubility, ease of liquefaction and action on litmus (i.e. acidic or ’ . 
really related properties. Non-reactive gases in general s o>v on y 
solubility in water, little if any reaction towards litmus and are d 
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to liquefy. Other gases, such as hydrogen chloride and ammonia, which 
are very soluble in water, are also either strongly acidic or alkaline towards 

<™ S ;. and , are easil y liquefied and solidified. Gases having intermediate 
solubility, for example, sulphur dioxide and carbon dioxide, are feebly 
acidic or basic, and moderately easy to liquefy. 1 

■ An ln ^ erestln g physical property of hydrogen is its enormous solubility 
m palladium metal, especially when the latter has been pre-activated by 
beatln S: Certain other metals show the same property to a lesser degree. 
The palladium adsorption, or, as it is usually called, occlusion, of hydrogen 
finds practical application in the preparation of pure hydrogen for research 
purposes. At ordinary temperatures, palladium may occlude as much as 

hvd?n CS US | ° Wn . v ° lume of hydrogen. On subsequent heating, the 
hydrogen is released. Morley used this occlusion in palladium to collect 
and weigh hydrogen in his 

classical determination of the 
combining weights of hydrogen 
and oxygen, (see p. 402). 

Chemical Properties. At or¬ 
dinary temperatures, hydrogen 
gas is quite stable. It exists as 
diatomic molecules, H,, in which 

each hydrogen atom has acquired-. 

the helium (inert-gas) electronic DT^H^en 
structure by sharing one of its 7 9 

electrons with the other, and 
so forming a covalent link, i.e. 

hydrogen atom H X ; hydrogen molecule, H*H or H—H. The reactivitv 
tydi ogen at higher temperatures is attributed to a small tendency of the 

a"S" 

JmSE" I b rZ\e"aion' S 0 SL"d o"? " ™ b " l1 >“* to 

the diagram (Fig 134 ) the water mi USln ,^ lhe a PP aratus as shown in 
6 V g. J4) the water may be condensed and collected. 

2 Ho + 0 2 = 2H 2 0 

air or cncygen°and °hen^gnited^ or°^ C0 1°^™ this Wa ?’ * is m ‘«d with 

The familiar tesUn which the onln^H f’ V* 0 ' 6 " 1 eX P losion ma > result - 

is brought to a bunsen flame to produwa ^non^'ifa hydrogen 

this explosive nnwpr * c P°P’ 1S a \ery mild example of 

ethylene, acetylene also) is nren^n*^ he . never hydrogen (methane, 

allow tte hydrogen to nass K r the laborator y> * is essential to 

air present, before applying a light to thTh Id™ l ° dls P lace an y 



Fig. 134. Burning Dry Hydrogen in 

Air to Form Water 
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serious explosion. This reaction between hydrogen and oxygen will 
however take place quietly at ordinary temperatures if the mixed gases are 
passed over a very finely divided platinum (or palladium) catalyst, a 
reaction which is used as described earlier to remove oxygen impurity 
from hydrogen. 

Hydrogen will also combine under certain conditions with most 
non-metals and with some metals. Thus chlorine and hydrogen will 
combine when exposed to sunlight, and also by burning one gas in 
the other. 

H 2 + Cl 2 = 2HC1 

hydrogen 
chloride gas 

The reaction in sunlight results from the photochemical dissociation of 
a very small proportion of the chlorine molecules to produce reactive 
chlorine atoms— 

Cl 2 + hv = 2(C1) 

light 

energy 

The very reactive chlorine atoms react immediately with hydrogen 

H 2 + (Cl) = HC1 4- (H) 

to form hydrogen chloride and a hydrogen atom, and the latter, in its 
turn, reacts with a chlorine molecule to liberate another chlorine atom 
and so on. 

(H) 4- Cl 2 = HC1 4- (Cl); (Cl) 4- H 2 = HC1 + (H); etc. 

Such a reaction is known as a chain reaction , and it is this type of reaction 
which is responsible for many gaseous explosions. The energy required 
for the small initial dissociation of one of the reacting molecules into free 
atoms may be photochemical (action of light), or thermal (flame or 
electric spark). Examples in which chain reactions occur include the 
explosion of methane-air mixtures in coal mines, and the explosion o 
petrol vapour—air mixtures in the automobile or ignition engine. 

Nitrogen and hydrogen require a high temperature and pressure an 
the presence of a catalyst before any appreciable reaction occurs to orm 

ammonia— 

N 2 4- 3H 2 = 2NH 3 

ammonia 

With carbon, hydrocarbons such as benzene and petrol may be formed 
to a small extent on heating; with sulphur, reaction occurs on ea mg 
presence of a catalyst to form sulphuretted hydrogen, H 2 S. , 

Of the metals, sodium, potassium and calcium all combine a 7 

with dry hydrogen when heated to form the corresponding y * 
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NaH, KH and CaH 2 . These latter compounds react immediately with 
water to regenerate hydrogen— 

2NaH + 2H 2 0 = 2NaOH + 2H 2 t 

These hydrides are salt-like in character, e.g. Li+H~ due to the formation 
of an electrovalent linkage. Electrovalency differs from covalency in the 
manner in which the constituent atoms acquire the “inert-gas” electronic 
structure. In covalency, the atoms mutually share electrons with each 
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XX XX 
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XX XX 
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Withoin either atom becoming electrically charged. In electrovalency, 

J* I . ^ ii I J 4 1 j , j | | one atom to the other, with the 

chaeflt?" 1 f iCh haS donated the electron(s) becomes positively 
chaiged whilst the other atom, which has accepted the electron(s), i becomes 

the 2 P | p V r, y Thc stabi,it y of ‘he molecule as a whole results from 

fuder H cr attractlon between these oppositely charged ions (for a 

chloride NaCl-^ P ' 8) ' Exam P les inc,ude most salts > such as sodium 

Na (atom): electronic structure 2.8.1. Na+ (ion): structure 2 . 8 
1 (at0m): electronic structure 2.8.7. Cl~ (ion): structure 2.8.8. 
The hydrides of the baser metals and metalloids (As Sb etc ) are 

BiH and ghH l‘ COm P OU , nds and occur as gases, for example SnH 4 , 

volatile ?th^e are com P°unds are gaseous or easily 

olatile (there are exceptions, however) whereas electrovalent or ionic 

compounds are solid and relatively difficult to volatilize 
Reducing Properties. Hydrogen is a reducing agent by virtue of its 

Thus— ^ ° XygCn and f ° r ° ther elcctrone gative elements such as chlorine. 

water Hydr ° gen PaSSCd ° Ver h6ated C °PP er oxide forms metallic copper and 

CuO -f H 2 = Cu + H 2 0 

™si?k°;s: Sn! 1 “ d "' i, way - bu * ,h °“ 

. -on ora. acu « 

Cl- w 


Zn -f- 


Cl- H 


(Zn++ +2C1-) + 2(H) 


In the norma? preparation of ^ SCen> ’ and ls a P owerfu l reducing agent. 

mai preparation of the gas, these atoms immediately combine 
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together to form neutral hydrogen molecules, H 2 , but if other compounds 
capable of reacting with the nascent hydrogen are also present in the 
solution, such reactions may occur with the highly reactive nascent 
hydrogen before the latter can combine together to form the much less 
reactive hydrogen gas. These compounds are then said to be reduced. 
Examples of the reducing action of nascent hydrogen include the reduction 
of ferric salts to ferrous salts— 

FeCl 3 + H = FeCl 2 + HC1 

of chromic salts to chromous salts, and of potassium chlorate to chloride. 
These reactions, it should be noted, do not occur at ordinary temperatures 
when gaseous hydrogen is used. 

Uses of Hydrogen. Hydrogen is used in many industrial processes, and 
in recent years its importance has increased due to its use in the hardening 
of oils. Some of its principle uses are described below. 

The Synthesis of Ammonia by the reaction— 

N 2 + 3H 2 = 2NH 3 

In the Haber process, the reaction is carried out at 550°C under a 
pressure of 200 atmospheres in presence of an iron oxide catalyst. The 
ammonia so produced is used in the manufacture of nitrogenous fertilizers, 
nitric acid, etc. 

The Hydrogenation of Liquid Fats (such as Vegetable and Fish Oils) to 
Produce Solid Fats. When the oils are heated with hydrogen under pressure 
in the presence of a nickel catalyst, a chemical reaction occurs in which 
some of the hydrogen combines directly with the oil molecules. The 
resulting hydrogenated oils have higher melting points than the origina 
oils, and may even be solid substances at ordinary temperatures. Examples 
include margarine and various proprietary brands of cooking fats. 

Synthetic Methyl Alcohol. When a mixture of hydrogen and carbon 
monoxide is passed over a suitable catalyst at 350-400 w C at pressures o 
200-600 atmospheres, methyl alcohol is produced— 

CO + 2H 2 = CH 3 OH 

methyl alcohol 

In the Fischer-Tropsch synthesis , the proportion of hydrogen is increased, 
and the reaction occurs at 180-250°C at atmospheric pressure 
presence of an activated cobalt catalyst. A mixture of aliphatic y 
carbons ranging from methane to waxes of high molecular \veig t res 
The process was of considerable war-time value to the Germans 
source of lubricants, fatty acids for soap manufacture, detergen s 

hard waxes. . , , „ t v, P 

Hydrogenation of Coal. When coal is heated with hydrogen u 

combined action of high pressure, high temperature and the presen 
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catalyst, hydrocarbons related to the petrols are obtained In the Bergius 
process the pressure is of the order of 200-250 atmospheres, the tempera- 
tm-c 300 500 C and the catalyst a sulphur resistant material such as 
molybdenum sulphide. The production of one ton of petrol in this wav 
requires the hydrogenation of about one and a half tons of coal in 
addition to that required for hydrogen production, heating, etc. 

r y " Hydr0g f n BI °' Vpipe ’ which produces temperatures of the order 
of -800 C, is used in fusing quartz in the manufacture of fused silica 

apparatus, and also in working platinum. The flame is produced by 

supplying hydrogen and oxygen separately to a blow-pipe jet consisting 
of two concentric tubes, with the oxygen supply inside. 

Hydrogen is also used for filling balloons and airships. Its use for this 
purpose is however limited because of its highly inflammable nature and 
in America it is replaced by the heavier but only slightly less buoyant 
helium gas, which is a natural product. b Y ° yam 

Atomic Hydrogen 

It has been stated that hydrogen gas consists of molecules, each of which 
contains two hydrogen atoms linked covalently together and it has also 
been suggested that the reactivity of hydrogen at tempera u es g eater than 

si or £ 

-W -nd a, high rC?"’ b " nS ab °“' * P “ 

.rcT,;^d? 0 'taS f n ;“oTt h,dr0eC "- r i Ch ^ Wh “ 

quickly ° ° P'u'iuum foil, ,hc latta, very 

simply that the Dlatinnm i e explanation of this behaviour is 

atoms to form hydrogen molecutes 1 of . the h y dr ogen 

panied by a considerable evnlntin ’ r u th S recomb,natI °n is accom- 
cquation-— C ° nS,derable solution of heat energy, as indicated by the 

^ H = H 2 -f- 101 000 cal. 

incandescent^'If“as' 1 been‘found‘n ""™^ ° CCUrS and il becorae s 
melt some of the most refrlaorv , ‘° T thiS heati "g effect to 

»d 'horium „idc, hy aiding j» 
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on them as it issues from the arc. The atomic hydrogen blow-pipe, shown 
in the accompanying diagram works on the same principle, and is used in 
certain welding operations. It has the additional advantage over other 
forms of welding torches of providing a reducing atmosphere of hydrogen 

at the weld, so that very little if any 
oxidation of the metals being welded 
can occur. 

Ortho- and Para-hydrogen 

Ordinary hydrogen exists in two forms 
having slightly different energy contents. 
Each of these two types of hydrogen 
molecule is composed of two hydrogen 
atoms linked together covalently, viz. 
H § H or H—H. The nucleus of each 
hydrogen atom, however, is spinning, 
very much like a top, and the two 
different forms of molecular hydrogen 
result from the fact that the hydrogen 
atoms may unite either with their nuclei 
spinning in the same direction or in 
opposite directions. If they are spinning 
in the same direction, the resulting mole¬ 
cule of hydrogen is anti-symmetrical 
and is known as ortho-hydrogen. If, however, the nuclei are spinning in 
opposite directions, the resulting molecule is symmetrical and is called 
para-hydrogen. Ortho-hydrogen has slightly more internal energy than 
para-hydrogen. 




Work Surface 
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Fig. 135. Atomic Hydrogen 

Welding 
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H 


H 


ortho-hydrogen para-hvdrogen 

Ortho- and para-hydrogen show very little difference in chemical 
properties. The proportion of each existing together in equilibrium is, 
however, determined by the temperature. With decrease in temperature, 
the proportion of para-hydrogen increases, and at absolute zero hydrogen 
should theoretically exist entirely in the para form. 


Isotopes of Hydrogen 

There are three known isotopes of hydrogen; hydrogen, deuterium and 
tritium, having atomic weights respectively of one, two and three. e 
second isotope, deuterium, is present to the extent of about one molecui e 
to 4500 molecules of H 2 in ordinary hydrogen gas, whilst tritium occurs o 
a very much smaller extent (less than 1 part in 10 7 parts in ordinary 
hydrogen). Very small quantities of tritium have been detected in 



HYDROGEN 


375 


products of bombarding deuterium (in its compounds, such as deutero- 
ammonium chloride, ND 4 C1) with a powerful stream of deuterons. 

?H + ;H = ;h + JH 

The structure of these diflerent isotopes of hydrogen may be represented 

schematically as follows, in which p- denotes a proton with its positive 

charge, n a neutron w'ith no charge and e~ an electron with its negative 
charge— & 



hydrogen 


deuterium 


tritium 


It is seen that deuterium contains one neutron in addition to a positively 
charged proton in the nucleus, whilst tritium contains two neutrons as 
well as the proton in the nucleus. The atomic numbers of all three are 
each one, so that they are correctly regarded as isotopes of hydrogen. 

The general rule that the isotopes of an element have almost identically 
the same properties (for example, chlorine has two isotopes of atomic 
weights 35 and 37) breaks down with these isotopes of hydrogen because 
of the relatively much greater change in atomic weight involved. Thus 
deuterium is twice as heavy as hydrogen, and this relatively large increase 
in atomic weight modifies the properties of the isotope to an extent which 
makes it convenient to regard deuterium virtually as a new element 
Heavy water is simply water in which the molecules are composed of 
D 2 0 instead of H 2 0. Ordinary water contains a small proportion of D,0 
molecules, and it is possible by electrolytic methods to isolate this small 
proportion of heavy water. The electrolytic production, or rather electro- 
ytic isolation, of heavy water from ordinary water is in fact carried out 
nowadays on a commercial scale. In the following short table are given 

bUt - 1 diff — - properties 
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Heavy Water Compared with Water 


Property 

h 2 o 

I 

d 2 o 

Boiling point . 

Freezing point . . ’ 

Specific gravity (20 c C) ' 

Temperature of max.density 

100 0 c C 
0-0 c C 
0-9982 
4-0 c C 

. 101-42°C 
3-82 c C 
M059 
11-6°C 


13—(T.447) 










CHAPTER 17 


OXYGEN 

Occurrence. Oxygen is now known to be the most abundant of all elements, 
being present in air which is a mixture of oxygen, nitrogen, carbon dioxide 
and the inert gases, in water in chemical combination with hydrogen, 
in the silicates in chemical combination with silicon and other elements, 
and also in the ores of many metals. In the free state, it is one of the more 
reactive of the gaseous elements, following closely in this respect the 
very reactive halogens, fluorine and chlorine. In addition, oxygen plays 
the unique role of being essential to all forms of life, animal, marine and 
plant. This latter role, however, is more correctly regarded as a special 
case of the more general phenomenon of combustion, and it is in the 
attempts to explain this phenomenon that the chemistry of oxygen 
historically begins. 

Historical. The first scientific attempt to explain combustion appears 
to have been made by two German scientists, Becher (1669) and Stahl (1723), 
in their celebrated phlogiston theory. Oxygen had not been discovered at 
that time, and it was supposed that during burning or combustion, 
something which they called phlogiston escaped into the air, leaving a 
residue or calx behind. Thus— 

Substance -> Calx + Phlogiston 

The smaller the calx residue, the greater presumably would be the 
amount of phlogiston released, and hence substances such as carbon, 
which left little ash (calx) on burning, were thought to contain a con¬ 
siderable amount of phlogiston. This theory appeared very convincing 
when applied to such processes as the recovery of metals from their ores 
(or calces) by heating with carbon, since the latter was very rich m 
phlogiston. 

Calx (ore) + Phlogiston -* Metal 

Two developments, the first the use of the balance coupled with accurate 
experimental observation, and the second the discovery of oxygen, 
contributed to the downfall of the phlogiston theory. The fact, discovere 
by Lavoisier, that some substances increase rather than decrease in weig 
when heated in air, for example metallic tin, was not easily explained y 
the phlogiston theory. It was eventually suggested that phlogis on 
possessed levity or lightness rather than weight, so that its loss wou 
actually be accompanied by an increase in weight. 
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Then came the discovery of oxygen. John Priestley obtained the gas 
in 1774, although his discovery appears to have been anticipated by a 
Swedish chemist, Scheele in 1772, who did not, however, publish his 
results until 1775. Scheele obtained the gas by heating red oxide of 
mercury, potassium nitrate and various other substances, and called it 
vital air or fire air. Priestley isolated the gas by heating mercury oxide 
(that is, the calx of mercury prepared by gently heating mercury in air) 
and collected it by the now familiar pneumatic trough technique invented 
by himself. In this case, the gas was called dephlogisticated air and was 
presumed to result from the removal of phlogiston from the air on heating 
the calx, thus— 

Calx + Air —> Metal + Dephlogisticated air 



and since, Calx + Phlogiston -► Metal 

it follows that 

Air — Phlogiston -> Dephlogisticated air 

This discovery was closely followed by the work of Lavoisier which 
lead eventually to the rejection of the phlogiston theory as a scientifically 
acceptable theory of combustion. Having already found that some 
metals, such as tin, increased in weight when heated in air he proceeded 
as a result of a visit by Priestley to carry out the following experiment 

A weighed amount of mercury was heated (over a charcoal fire) in a 
retort connected to a bell-jar of air confined over mercury as shown in the 
diagram. After keeping the mercury near the boiling point for some 
twelve days, he found that no further decrease occurred in the volume of the 
air in the bell-jar. The change in this volume was recorded and the retort 
broken open. The red calx of mercury was then carefully collected and 
placed in a very small tube connected to a similar bell-jar, now filled with 
mercury, as in the first part of the experiment. On heating the calx to a 
much higher temperature than before, a gas was collected which was 
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found to have the same properties as Priestley’s dephlogisticated air and 
in addition to be equal in volume to the decrease recorded in the first 
part of the experiment. Lavoisier thus showed that a gas could be removed 
from air by combining with mercury (which accordingly increased in 
weight) and that this gas could be regenerated by later reheating the. calx. 
Lavoisier named the gas oxygen and called the calx, mercury oxide . The 
reactions involved were— 

Mercury + Oxygen -> Mercury oxide (first experiment) 

Mercury oxide -> Mercury + Oxygen (second experiment) 

and not, as the phlogistonists supposed— 

Mercury -* Oxide (calx) 4- Phlogiston 
Calx 4- Air Metal 4- Dephlogisticated air 



Laboratory Methods of Preparation. Many methods are available for 
obtaining oxygen from compounds containing it; five of these methods 
are described below. 

Action of Heat on Potassium Chlorate. The usual laboratory method is 
to heat a mixture of potassium chlorate and manganese dioxide, preferably 
in a hard glass tube, and collect the gas in the usual way over water as 
shown in the accompanying diagram. It is of practical importance to 
note that the use of manganese dioxide containing carbonaceous impurities 
often leads to serious explosions (due to the explosive nature of potassium 
chlorate-carbon mixtures). The dioxide should accordingly be tested y 
heating a small portion with potassium chlorate and, if unsatisfactory, t e 
remaining manganese dioxide should be heated alone in air for some time 

before attempting the preparation. . . 

The manganese dioxide functions in this reaction as a catalyst ; it speea 

up the rate at which the potassium chlorate decomposes and so permi 
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the reaction to be carried out at a much lower temperature than would 
be the case if it were absent; it is chemically unchanged at the end of the 
reacbon, and may in fact be recovered by dissolving up the potassium 
chloride, KC1, and any undecomposed potassium chlorate which may 
remain. The precise mode of action of the manganese dioxide is uncertain • 
1 is possible that it first reacts with the potassium chlorate to form a 
lg er manganese oxide, such as Mn 2 0 7 , which is unstable at the tempera- 

™ ,°[ th ® P re P ar ation and so decomposes to reform manganese dioxide 
and liberate oxygen. Such a cycle of reactions could occur until all the 
potassium chlorate had been decomposed, and this explanation appears 
to be supported by the decreased particle size of the manganese dioxide 
recovered at the end of the experiment. The cycle of reactions would be— 

KC10 3 + 2Mn0 2 = (Mn 2 0 7 ) + KC1 
(2Mn 2 0 7 ) = 4Mn0 2 + 30 2 f 

h ° ( We r V ?u’ the man g anese dioxide remains chemically unchanged 
simp^equafion— eaCtl ° n ' “ “ -Lion byfhe 

2KC10 3 = 2KC1 + 30 2 

U “ d “ “ Kl -™ “-de "» "-Me. 

tn ^nit 3 r SenC f of manganese dioxide, the potassium chlorate first melts 
a clear liquid at about 340 C. Approximately 10°C hiphpr t h; c r -a 
appears ,o boil doe ,o liberation 

2KC10 3 = 2K.C1 + 30 2 

At the same time, potassium perchlorate is also formed— 

4KC10 3 = 3KC10.] + KC1 


fiberSe S ox e y q g U ei-* Sti “ b^ tem P eratu re before it too decomposes to 

KCIO., = KC1 + 20 2 

also most peroxides or superoxides, (Pb 3 0 4 , Mn0 2 , ^ 

2Ag 2 0 = 4Ag + 0 2 
2Pb0 2 = 2PbO + 0 2 
2HgO = 2Hg + O a " 

2BaO a = 2BaO + 0 2 

Note, also, Lavoisier’s method of using mercury to obtain oxygen from 
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the air. The barium peroxide reaction is the basis of the now obsolete 
Brin process for obtaining oxygen commercially from the air. (See below.) 

Action of Heat on Other Oxy-salts. Certain oxy-salts also liberate 
oxygen when heated; for example permanganates, nitrates, chlorates, etc. 

2KN0 3 = 2KN0 2 + 0 2 
2Pb(N0 3 ) 2 = 2PbO + 4N0 2 + 0 2 

2KMn0 4 = K 2 Mn0 4 + Mn0 2 -f- 0 2 

Action of Water on Solid Sodium Peroxide, Na 2 0 2 . This reaction may 
be carried out by dropping water from a tap-funnel on to solid sodium 
peroxide in a dry flask and collecting the liberated oxygen over water in the 
usual way. 

2Na20 2 + 2H 2 0 = 4NaOH + 0 2 

The reaction depends upon the intermediate formation of hydrogen 
peroxide, H 2 0 2 , which is decomposed by the heat of the reaction and by 
the alkalis present. 

Na 2 0 2 4- 2H 2 0 = 2NaOH + H 2 0 2 

2H 2 0 2 = 2H 2 0 + 0 2 

Electrolysis of Barium Hydroxide, Ba(OH) 2 , using nickel electrodes 
liberates pure oxygen at the anode and hydrogen at the cathode (see p. 240). 

Manufacture of Oxygen. Commercially oxygen is nowadays obtained 
from air by the fractional distillation of liquid air. Formerly, it was 
obtained on a large scale by the now obsolete Brin’s process. 

Brin’s Process. If barium oxide is heated in air at about 500°C, it is oxidized 
to barium peroxide. At 800°C however the BaO a decomposes to reform BaO 
and liberates oxygen, thus— 

2 BaO + 0 2 (air) = 2 Ba0 2 (at 500°C) 

2 BaO z = 2 BaO + 0 2 (at 800°C) 

By using air purified from suspended matter, carbon dioxide and other 
substances which might react permanently with the barium oxide under these 
conditions, the cycle of operations might theoretically be repeated indefinitely 
to produce oxygen in quantities limited only by the capacity of the manufactur¬ 
ing plant. It was later found that the same result could be obtained by keeping 
the temperature constant and instead varying the pressure, a fact which was 
put to practical use in the Brin process. The temperature was maintained 
constant in the region of 700°C, and purified air pumped m under a pressure 
of about 10 lb/in. 2 ; the BaO changed to BaO a . The pumps were then rev 
to form a partial vacuum, when the Ba0 2 decomposed by the reverse reaci • 
The gas so produced was pumped off and collected; it contained abou 
96 per cent of oxygen and from 4 to 10 per cent of nitrogen. Barium peroxide 
is however still prepared by the first stage of this process, and is importan 

as a source of hydrogen peroxide (q.v.). 
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Modem Process. The present-day process for obtaining oxveen from 
the air falls into two stages— ' 

(a) The production of liquid air, and 

(b) the fractional distillation of this liquid air. 

Production of Liquid Air 

In 1823 Michael Faraday reviewed the state of knowledge concerning the 
liquefaction of gases and described his own successful attempts to liquefy 
chlorine hydrochloric acid, sulphur dioxide, sulphuretted hydrogen 
carbon dioxide, nitrous oxide and cyanogen by cooling the gases under 

carhon^i SUCh “ S h y<* ro gen, oxygen, nitrogen, nitric oxide and 

cat bon monoxide, could not be liquefied by this method and came to be 
refeired to as permanent gases. 

The discovery of the Joule-Thomson effect, i.e. that gases suffered a 
cooling effect when allowed to expand through an orifice from a high 

l ° 3 ‘ ow P ressure ( Wlth hydrogen the reverse effect occurs unless 
chydrog en be first cooled below its inversion temperature), led in 1895 

forThe | ampS f 0, V n § 3nd and l ° C L ’ nde in Gen ™ny devising methods 
for the liquefaction of a,r. Air at about 150 atmospheres pressure was 

passed through a coil of closely wound small-bore copper pipe and allowed 

o expand freely through a valve placed at the end. The slightly cooled 

air so pro^cetd (Joule-Thomson effect) was then returned through an 

uter tube concentric with the former delivery tube, thereby cooling the 

incoming compressed air. This latter in expanding at the jet suffered a 

air h The° 0 t‘ n8 efTeCt and then as before coo| e<i ^incoming compressed 
air. The returning air was then passed to the pumps where it was again 

compressed and returned with more air to the inner tube from n • 

<r“pT , o n f e ,5^ i “ri E K$r 

-£1: I™;, 

K3 sr r ? fi 

sffi" P rsr. ir ,r 

fr„ m , te f° f e?, e e “a° Srf S” J ° P“ 

Fractional Evaporation or Distillation of Liquid Air 

Whenliqukfah is alllowecTto^vaporatelitlmight^be exprctedlha^t'nitrogen 
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which has its boiling point some 12*8°C lower than that of oxygen 
(— 195*8°C as compared with — 183°C for oxygen) would evaporate first 
leaving liquid oxygen behind. This expectation however is not so simply 

realized in practice. It is a fundamental fact that when 
a mixture of two liquids is distilled the vapour formed 
always contains a higher percentage of the more vola¬ 
tile constituent (in this case, nitrogen), and the remain¬ 
ing liquid a correspondingly higher proportion of the 
less volatile constituent (oxygen). If this vapour is con¬ 
densed and then redistilled, the new vapour will in the 
same way contain an increased proportion of the more 
volatile constituent. The number of times this con¬ 
densation-evaporation process has to be carried out 
before complete separation is effected is largely deter¬ 
mined by the difference in boiling points of the two 
liquids. The smaller this difference, the greater the 
number of stages. The student will thus appreciate that 
in the case of the separation of nitrogen from oxygen 
in liquid air, a large number of such separate distilla¬ 
tions is necessary. The process whereby a large number 
of separate evaporation-condensation reactions may 
be carried out in one operation is known as fractional 
distillation. This process, the basis of the separation 
of oxygen from liquid air, is most easily described with 
reference to a simple fractionating column of the type 
used in ordinary laboratory practice. 

The diagram shows the separation of two liquids A 
and B by fractional distillation, in which liquid A has 
a lower boiling point and is therefore more volatile 
than liquid B. The vapour leaving the flask is richer 
in A, and condenses at a. This ^-enriched liquid even¬ 
tually redistils, and condenses at b with an increased 
proportion of A, and at the same time a liquid poorer 
in A returns to the flask. This process of distillation 
and condensation continues throughout the fractionat¬ 
ing column, and results in a progressively increasing proportion of liquid 
A in the vapour with ascent of the column, and a corresponding increase 
in the proportion of liquid B in the residual liquid in the flask. it an 
efficient fractionating column of this type a practically complete separation 

of the two liquids may be obtained. . , 

The principle of fractional distillation is applied in all the commerce 
processes for obtaining oxygen from liquid air, whether based on 
Linde-Hampson or modified Claude processes. In the modern plant 
two stages of liquefying air and fractional distillation of the liquid 


a 


Vapours of 
A and B 


Fig. 138. 
Fractionating 
Column 
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are combined in one plant. The diagram below shows in Fig. 139 a flow 
sheet for the whole process, and in Fig. 140 the Linde liquefier and 
double column rectifier. This double column rectifier or fractionating 
column is so arranged that the reflux condenser of one tower serves as the 
reboiler of the other, and embodies as an essential feature a difference in 
pressure between the upper and lower column, as a result of which pure 
oxygen evaporating on one side of the column can bring about liquefaction 
of pure nitrogen on the other. Since the normal boiling point of nitrogen 
is lower than that of oxygen, the pressure in the lower column must be 
higher than that in the upper column. If the upper column works at one 
atmosphere pressure, the minimum pressure for the lower column is 3-6 
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Fig. 139. Flow Sheet for the Production of Oxygen from 
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SMrs&a: ssss z s f !1 

collects ,h. S ”S“e cH .i « 

atmospheres, ,o p,„% roug h?hi ™“etn toThe’finf “t 01 1, 3 

entering „ <*>. This 40 per 
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column losing its more volatile nitrogen until it accumulates at (h) whence 
it is drawn off as liquid oxygen of 99 and more per cent purity. 

The nitrogen in the liquid air entering at c as the more volatile constituent 
gradually volatilizes, passes upwards and is cooled and condensed by the 
tubes and dome of (y). The nitrogen-rich liquid which collects here is moved 
to the top of the upper column, the liquefaction resulting from the increased 
pressure obtaining in the lower system. As this liquid passes down the 



Fig. 140. Linde Liquefier and Double Column Rectifier 

upper column, the more volatile nitrogen passes off through the heat 
interchanger ( a). 

Action of Sodium Manganate on Air. A recent chemical process has 
been patented in America for obtaining oxygen of high purity from air. 
Air and steam are passed alternately over a contact mass consisting of 
sodium manganate (Na 2 Mn0 4 ) which collects oxygen from the air and 
subsequently releases it to the steam. 

Physical Properties. Oxygen is a colourless, odourless gas, which is 
difficult to liquefy and solidify. It may be liquefied at — 183°C to a pale 
blue mobile liquid which is strongly attracted by a magnet, and may also 
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be solidified, for example, by cooling the liquid in a jet of liquid hydrogen, 
when it forms a snow-like pale-blue solid. At 0°C and 760 mm pressure, 
the density of the gas is 1-429 g/litre, that is, approximately sixteen times 
as heavy as hydrogen. It is sparingly soluble in water; at 0°C 100 volumes 
of water dissolve 4-9 volumes of oxygen. This solubility, although small, 
is however extremely important, since fish depend upon dissolved oxygen 
for respiration, polluted water supplies may through the action of dissolved 
oxygen again be made potable, and other waste products of animal, 
marine or vegetable origin present in water may be converted by bacteria! 
oxidation into harmless products or foodstuffs for marine life. Oxygen 
is slightly more soluble in water than is nitrogen (0 049, cf. 0 024 c.c./c.c. 
of water at 0 C and 760 mm pressure), so that although air contains 
approximately 21 per cent of oxygen by volume, the gas recovered by 
boiling water contains the increased proportion of about 34 per cent of 
oxygen by volume. 

Chemical Properties. The oxygen gas molecule is composed of two 

atoms of oxygen, and is accordingly represented in chemical equations 

by the formula 0 2 . Other gaseous elements, such as nitrogen, hydrogen 

fluorine and chlorine, but not the inert gases (helium, neon, argon etc ) 

also exist in the diatomic molecular state, having the formulae N H F 

and Cl* respectively. The gases do not therefore consist of the'element 

in the very reactive atomic state, and this fact accounts in general for the 

stable existence of these gases at ordinary temperatures. Chemical 

reaction with other elements or compounds usually requires some change 

in the conditions (for example by raising the temperature) before the 

reactions can take place. Reactivity is greatest with fluorine, less with 

chlorine, oxygen, hydrogen and nitrogen in this order, and nil with the 
inert gases. ulc 

In the preceding paragraph two statements have been made which 
require some explanation before proceeding to discuss the chemical 
properties of oxygen in detail. These statements were— 

whLl^ih ^ gaSeS ’ ° Xygen ’ hydro § en ’ etc -’ exist as diatomic molecules 

'SBZZ' °“ Ur,he —* »“• *• « monatomic 

<ii) that some change in the conditions arc in general necessarc 

»Xo2f ydro6 “- I* other JK 

xtx -ttr' *• 
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has shown that the atom of each element is composed of two parts; the 
central nucleus or core composed of protons and neutrons, and the 
external, or extranuclear, orbital electrons. The mass of the atom is 
determined almost entirely by the nucleus, but the chemical reactivity 
of the element is determined by the number and in particular by the 
arrangement of these extranuclear electrons. In the case of the inert 
gases, these electrons have a particularly stable electronic structure, viz.— 


Inert Gas 

Electronic structure 


Helium 

2 





Neon 

2 

8 




Argon 

2 

8 

„ 8 



Krypton 

2 

8 

18 

8 


Xenon 

2 

8 

18 

18 

8 

Radon 

2 

8 

18 

32 

18 


The electronic structure of the inert gases is discussed in more detail on 
pp. 351 to 353, to which reference might well be made by the student 
at this stage. For the purpose of the present discussion it is sufficient to 
add that the non-inert elements, nearly ninety in all, are chemically 
reactive because they possess more (or less) electrons than the nearest 
inert gas. By reaction with themselves, or with other elements, they lose 
(or gain) the necessary electrons and so acquire the “inert-gas” electronic 
structure. Chemical activity thus results from the tendency of an atom 
to acquire the “inert gas” electronic structure. 

The oxygen atom with the electronic structure “2*6” requires two addi¬ 
tional electrons if it is to acquire the neon structure. In the case of the 
oxygen molecule, 0 2 , each atom shares two electrons with the other, 
whereby each acquires the helium structure. Considering only the outer¬ 
most incomplete electronic orbit, this sharing may be depicted— 


XX 

XX 

XX 


XX 

n x ' 

U X T 

1 

0 

XX 

* o 

XX 

XX 

o 

XX 

XX 

XX 


XX 


that is 0 = 0 or 0 2 (but see p. 72). 

As long as this molecule is not disrupted in any way, as discussed below, 
it will be perfectly stable. Indeed, at ordinary temperatures, oxygen gas 
is quite stable; it occurs in the atmosphere, and is stored for commercial 
use under very high pressures in steel cylinders. 

Considering next the second statement, it will be apparent that the 
gas oxygen will not react chemically with other elements unless it suffers 
some dissociation into free atoms. It will be seen below that oxygen 
reacts readily with most of the elements if these are heated sufficient y. 
The primary reason for this fact is that the higher the temperature, the 
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more easily will the oxygen molecule dissociate. The molecule of oxygen 
possesses energy of translation (i.e. of motion), of rotation, and also of 
vibration. Increasing the temperature increases all three of these, so that 
the vibrational movement of the oxygen may become so violent that the 
molecule dissociates. In Fig, 141 the maximum and minimum vibrational 
distances apart of the oxygen atoms are depicted as a function of increasing 
energy content. When the molecule acquires the energy D it will dissociate 
into free atoms. Not all the molecules, however, possess the same energy 
content. Some will possess very much more, and others very much less 
than the average energy, and Fig. 142 shows the Maxwellian distribution 
of energy amongst the molecules at a particular temperature. Clearly, 



Fig. 141. Potential Energy as a 
Function of Interatomic Distance 
for a Diatomic Molecule 



Fig. 142. Distribution of Energy 
amongst the Molecules 
of a Gas 


a very small number of molecules (those having the highest ener*v 
content) will begin to dissociate at temperatures appreciably less than that 
necessary for the dissociation of the bulk of the molecules h L to thts 
small dissociation at moderate temperatures that the reactivity of oxygen is 
to be attributed. The heat liberated as a result of the reaction oflhese 
atoms with other elements present, leads to further dissociation of other 
oxygen molecu es, and to increasing reactivity. Fluorine and chlorine are 
more reactive than oxygen because they require less energy before thev 
issociate, their dissociation energies are smaller. Nitrogen requires 
much more, and so is often referred to as inert, although the § student will 
now appreciate that under favourable conditions nitrogen may also anS 
does react quite vigorously. No dissociation into electron-d^cient atoms 

1 inm accord- 

(0 The presence of a catalyst, which speeds up the rate of a reaction. 
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For example, platinum which promotes combination between hydrogen 
and oxygen at ordinary temperatures. 

(ii) The reactivity occasioned by one of the reacting molecules not 
possessing a full complement of electrons. Nitric oxide is an example 
of such a compound; it reacts with oxygen immediately at ordinary 
temperatures. 

These and other methods of promoting reactivity will be discussed 
in some detail as examples occur in the text. 

Returning to the chemical properties of oxygen, it may be said that oxy¬ 
gen is a very reactive element. Under the right conditions, it will combine 
directly with practically all of the elements, with the exception of the 
inert gases and fluorine, although various fluorides of oxygen may be pre¬ 
pared indirectly. The more reactive metals, from potassium to tin in the 
electrochemical series {see p. 272), all burn strongly when heated in oxygen 
to form the corresponding oxides; the less reactive metals, copper, 
mercury, etc., also combine but without burning when gently heated in 
the gas. The non-metallic elements, sulphur and phosphorus, if ignited 
and plunged into a gas jar of oxygen burn brilliantly to form sulphur 
dioxide and phosphoric oxide respectively, the flame in the case of the 
sulphur being of a rich blue colour. Glowing charcoal (carbon) similarly 
glows quite strongly when plunged into oxygen, the product of this reaction 
being carbon dioxide. In all these reactions some form of heat energy has 
to be supplied to initiate the reaction, but once started the exothermic 
nature (that is, heat is generated) of the reaction ensures an increasing 
temperature and ease of reaction. 

Certain compounds however react with oxygen at ordinary temperatures, 
and the reason for this reactivity must be sought in the electronic structure 
of the compound. Thus nitric oxide reacts immediately with oxygen at 
ordinary temperature to form the brown gas, nitrogen peroxide— 

2NO 4- 0 2 = 2N0 2 

nitrogen 

peroxide 

Various suboxides, such as lead suboxide, similarly combine readily 
with oxygen at ordinary temperatures. In all these cases, the reacting 
compound is now known to have an incomplete electronic structure, an 
in combining with oxygen it acquires its full complement of electrons at 
the expense of the oxygen-oxygen linkage. 

CLASSIFICATION OF OXIDES 

The name oxide is given to those compounds which contain only oxygen 
and one other element. Thus magnesium oxide MgO is an oxide, du 
magnesium sulphate MgS0 4 is not. The following table sets out the possiDie 
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types of oxides so as to show their relation to each other, the correct 
name of the oxide being given in each case in italics. 

Oxide 


Acidic—Basic 


(neither acidic 
nor basic) 


i I 

(both acidic (less oxygen) (more oxygen) (mixed oxide) 
and basic) 


Neutral oxide Amphoteric 

oxide 


Suboxide 


Peroxide 


■ 

Superoxide 


I 

Composite oxide 

The term normal oxide is sometimes used in a general sense to describe 

those oxides in which the element is showing its normal valency. 

Acidic Oxides. Oxides which react with bases or alkalis to form salts 

are called acidic oxides. They include the normal oxides of the non-metals 

for example C0 2 , S0 2 , B 2 0 3> SiO,, all of which may dissolve in water 
to form acids, e.g.— 

so, + h 2 o = h,so 3 

sulphurous 

acid 

Sometimes the acid is however ill-defined or unknown (e.g. carbonic 

Other higher oxides of the non-metals are however also acidic for 
example, nitrogen perox^e, sulphur trioxide and phosphoric oxide ’ 
Basic Oxides. Basic oxides, and bases and alkalis, are characterized by 

ichk ne Fh Ve pr °P. erty ° f destr °y>ng or reversing the effects caused by 
acids. A basic oxide is therefore an oxide which will react with an acid 

to form a salt and water. The normal oxides of metals for exam D e 
magnesium oxide, are predominantly basic. example, 

MgO + H 2 S0 4 = MgS0 4 + H 2 0 

magnesium 

sulphate 

Neutral Oxides. Oxides which are neither aridir* nr»r k 0 o' 
neutral oxides. Examples include nitrous oxide N O m ^ termed 
CO, but not water w&ch according 

bases is more strictly amphoteric. ^ acids and 

Amphoteric Oxides. Oxides which may under the appropriate mnH.v 
Of reaction, behave either as an acidic oxide or as a basic Lidc are t eri Zf 
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amphoteric. The usual examples quoted are zinc oxide and aluminium 
oxide, but most of the metals which occur in two or more valency states 
show increasing amphoteric behaviour the higher the oxide, the acidic 
properties becoming predominant in the highest oxides. 

Base 4 - Acid = Salt + Water 

ZnO 4 - H 2 S0 4 = ZnS0 4 + H 2 0 (basic action) 

2NaOH - 1 - ZnO = Na^nOg 4 - H 2 0 (acidic action) 

AI 2 O 3 + 6HC1 = 2A1C1 3 4- 3H 2 0 (basic action) 

2NaOH f A1 2 0 3 = 2NaA10 2 4- H 2 0 (acidic action) 

Modern opinion inclines to the view that the solution of aluminium 
oxide (or hydroxide) in an alkali results from the peptizing action of the 
alkali to form a colloidal solution of aluminium hydroxide, a view which 
explains the current industrial practice of purifying aluminium hydroxide 
by stirring a little freshly precipitated aluminium hydroxide into the 
sodium hydroxide solution, whereby the whole of the aluminium hydroxide 
is precipitated. The formula of sodium aluminate, however, if the older 
views are accepted, is most easily obtained by the student, if he rewrites the 
A1 2 0 3 as Al(OH) 3 , and then rearranges this so that it looks like an acid — 

Al(OH ) 3 -> H 3 A10 3 or -> HA10 2 + H 2 0 
whence Base 4- Acid = Salt 4- Water 

NaOH + HA10 2 = NaA10 2 4- H 2 0 

sodium aluminate 

Suboxides. Certain oxides contain less oxygen than the normal oxides. 
They are usually unstable and are known as suboxides. Examples include 
carbon suboxide, C 3 0 2 , lead suboxide, Pb 2 0, and sodium suboxide, Na 4 0. 
Since, however, carbon suboxide is obtained by dehydrating malonic acid, 
it may also be regarded as an acidic oxide— 

CH 2 (COOH ) 2 - 2H 2 0 = C 3 0 2 

Higher Oxides. Those oxides which possess more oxygen than the 
normal oxides are known as higher oxides, and may be divided into two 
classes based on their slightly different properties. The true peroxide , 
for example sodium peroxide and barium peroxide, liberate hydrogen 
peroxide when treated with a dilute acid— 

Ba0 2 4- H 2 S0 4 = BaS0 4 4 - H 2 0 2 

The oxides, such as manganese dioxide, lead dioxide, etc, which do not 
liberate hydrogen peroxide in this way are termed superoxides. o 
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classes evolve oxygen on heating alone and also with concentrated sul¬ 
phuric acid, and liberate chlorine on heating with concentrated hydro¬ 
chloric acid. The peroxides are now known to be electrovalent in character 
whereas the superoxides are essentially covalent— 

Peroxide: Na+ O - O Na+ Superoxide: 0=Mn = 0 

2Mn0 2 + 2H 2 S0 4 = 2MnS0 4 + 2H,0 + 0 2 
Mn0 2 + 4HC1 = MnCl 2 + 2H 2 0 + Cl, 

Composite Oxides. Those oxides which behave in reactions as if they 
were mixtures or compounds of two oxides of the same metal are termed 
composite oxides. It must be emphasized, however, that the composite 
oxide is not a mere mechanical mixture of two oxides. Examples include— 

Red lead, Pb 3 0 4 (2PbO + Pb0 2 ) 

Ferroso-ferric oxide, Fe 3 0 4 (FeO -f Fe 2 0 3 ) 

Trimanganese tetroxide, Mn 3 0 4 (2MnO : MnO,) 

Thus red lead with dilute nitric acid forms a solution of lead nitrate 

from the PbO portion of the oxide, and leaves the PbO, as a brown 
residue— £ 


Pb :i O, + 4HN0 3 = 2Pb(NO :i ) 2 + 2HX> + PbO., 


OXIDATION AND REDUCTION 


In its simplest form, the term oxidation implies the addition of oxygen 
Thu S wh en sulphur is burnt in air or in oxygen, it is oxidized to sulphur 


>-» ~r w 2 — ow 2 

sulphur 

dioxide 

All the reactions of oxygen enumerated above are consequently oxida 
non reactions. The hardening of paints containing linseed oil the burnine 
of fuels such as coal, coke, etc., the explosion of petrol vapour a^ 
mixtures in the internal combustion engine, and the part played b/oxygen 

day life reSp ‘ ratl0n> are a11 exam ples of oxidation reactions in eve § ry- 

2Mg + C0 2 = 2MgO + C 
Mg + N 2 0 = MgO + N 2 
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magnesium has been oxidized to magnesium oxide. Thus oxidation and 
reduction are complementary. Other examples include— 

CuO + H 2 = Cu + H 2 0 

(hydrogen gas passed over heated copper oxide) 

Fe 2 0 3 + 3CO = 2Fe + 3C0 2 

(a reaction which occurs in the blast furnace) 

In the first example, the oxidation of hydrogen is accompanied by the 
reduction of the copper oxide; in the second, the oxidation of the carbon 
monoxide reduces the ferric oxide to metallic iron. 

Those substances which produce oxidation are referred to as oxidizing 
agents, and conversely reducing agents are those substances which promote 
reduction. Thus in the preceding examples, hydrogen and carbon monoxide 
are acting as reducing agents, whilst the copper oxide and ferric oxide are 
behaving as oxidizing agents. 

_ Extended Definition of Oxidation and Reduction. If we denote by 

O the oxygen provided by an oxidizing agent, then the following reaction 
is clearly an oxidation reaction— 

2FeO -K O = Fe 2 0 3 

This addition of oxygen to ferrous oxide involves an increase in the valency 
of iron from two to three to form ferric oxide. When these two oxides 
are dissolved in acids, they form the corresponding ferrous and ferric 
salts, reactions which do not involve any oxidation or reduction. Thus— 

FeO + H 2 S0 4 = FeS0 4 + H 2 0 

ferrous sulphate 

Fe 2 0 3 + 3H 2 S0 4 = Fe 2 (S0 4 ) 3 + 3H 2 0 

ferric sulphate 

The conversion of a ferrous salt to a ferric salt is consequently rightly 
regarded also as an oxidation reaction— 

FeS0 4 + O -* Fe 2 (S0 4 ) 3 

But ferrous sulphate is composed of ferrous ions (Fe* + ) and sulphate 
ions (S0 4 —), whilst ferric sulphate is composed of ferric ions (Fe 414 ) and 
the same sulphate ions, so that this reaction may also be written 

Fe ++ + Sulphate ions -f O -> Fe 4 4 4 + Sulphate ions 

or even more simply by— Fe ++ Fe 4++ 

Thus the oxidation of a ferrous to a ferric salt involves the conversion of 
a ferrous ion to a ferric ion, and this process clearly involves the remova 
of one orbital electron. 
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The extended definition of oxidation and reduction may therefore 
be stated as follows— 

Oxidation involves an increase in the positive charge of the ion 

Fe++ -> Sn + + -> Sn ++ ++ 

stannoiis stannic 

or, conversely, a decrease in the negative charge of the ion, 

(Mn0 4 )-~ -> (Mn0 4 )~ 

manganatc permanganate 

It also includes the simpler process of increasing the oxygen content of 
the molecule— 

h 2 so 3 -> h 2 so 4 

sulphurous sulphuric 
acid acid 

Reduction involves a decrease in the positive charge of the ion or 
conversely an increase in the negative charge of the ion— 

Cu++ Cu+ ->■ Cu 

cupric cuprous copper 


I 2 -> 21- 

iodinc iodide 

ofThe < molecule— F0CeSSeS a reduCtion in ,he ox yg en intent 

H 3 As0 4 -> H 3 As0 3 

arsenic acid arsenious acid 


h 2 so 4 -* H 2 S 

sulphuric sulphuretted 
acid hydrogen 


meUdsTe in c CiP CuO)' d moJ a g ents * ncIude oxygen, oxides of the less reactive 

pK s 'ZS&gS: 

reduction reactions in solution. analysis involving ox.dation- 


na^nt P stte P trJ U t 9 !) a 8 rrbU nC m de P a «icularly in the 

various metallic salts in their lower valTncyT^e S sTnnn '° Wer i f ° XideS> 
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Of these, nascent hydrogen, stannous chloride, hydriodic acid and 
arsenious acid are used extensively as reducing agents in volumetric 
analysis. 

Uses of Oxygen. Oxygen is supplied to industry under high compression 
(about 2000 lb/in. 2 at 70°F) in steel cylinders painted black and containing 
usually 110 or 220 ft 3 of gas or as a liquid in large double-walled tanks of 
steel with a high vacuum between the walls. Its most important use is in 
the oxy-hydrogen and oxy-acetylene torches for cutting and welding 
steel. When acetylene gas burns with oxygen in a blowpipe, a temperature 
of about 2500°C is obtained, and this flame is used in welding metals, and 
also, when supplemented by a fierce jet of oxygen, in cutting through 
steel plates (even under water). The oxy-hydrogen flame is used principally 
in working platinum and silica, and is slightly more effective for this 
purpose than the oxy-coal-gas flame. 

Oxygen is also used in hospitals and in aviation to assist respiration, 
and in the liquid state when mixed with powdered carbon and oil it is 
sometimes used as a blasting explosive. 

A much wider use of oxygen in industry is however now developing. 
The increased efficiency of the modern plants for obtaining oxygen from 
the air is gradually leading to the use of oxygen or oxygen-enriched air 
in many commercial processes based on ordinary air as an oxidizing 
medium. Examples include the use of oxygen in the production of 
iron and steels (blast furnaces, open-hearth furnaces, etc.), in the 
underground gasification of coal, (a development still in its infancy) 
and in the generation of synthesis gas (CO + H 2 ) from methane (CH 4 ). 

ACIDS, BASES AND SALTS 

The terms acid and base were first applied to those substances which react 
together to form salts, usually together with water. Certain specific 
properties possessed by acids were later noted; for instance, they possessed 
a sharp or sour taste, and were able to turn blue litmus red, and to cause 
effervescence when added to chalk. Bases (or alkalis) were merely regarded 
as those compounds which could destroy or even reverse the effects 
caused by acids. 

Lavoisier was the first to suggest a theory of acids. He noted that the 
oxides of such elements as carbon, sulphur, or nitrogen formed with water 
the corresponding carbonic, sulphuric and nitric acids. He was thus 
led to the theory that all acids contained oxygen. The name “oxygen, 
derived from the Greek which means “acid producer," was in fact given to 

the gas by Lavoisier. 

Although this theory was generally accepted at the time, it had severa 
weak points. It implied that hydrochloric acid contained oxygen, and 
hence that chlorine must be an oxide, since chlorine and hydrogen reac 
together to form hydrochloric acid. The discovery of other halogen 
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acids (HBr and HI) and of the close similarity in properties of the parent 
halogens, all exposed the weakness of this theory P 

Later it became apparent that one element was'in fact present in all the 

compounds then regarded as acids, but that this element was hydrogen and 

acid Tnd C |L- r ^ aV h- rt T°| n 'f d h >' dr °g en as the ess ential element in an 
acid and later Liebig defined an acid as a compound containing hvdrocen 

which could be replaced by a metal. Bases were still regarded as § substar4es 

whichcouldreactwith acids to form salts. The later development of the 

electrolytic dissociation theory as a result of the work of Ostwald and 

Arrhenius, resulted in the present-day generally accepted theory of -in 

^ va 


Acid -j 
(H+ + Cl~) r 


B as e = Salt 
(Na • OH) = (Na + -f Cl~) 


Water 

h 2 o 


“t™tr^ ra,ization of the hydrogcn ion b y the ion 

meritio* were*'not^ade^of'the^ex t ended'defim j 1 ° We v _ e r c °mplete if 
embodied in the Lowry-Bronsted theory Briefly th ° f and baSCS 

bases as complementary in mnrh /h, ? 7 ' ^ re S ard acids a " d 

f ■»-a. a* r—• 

XL 0 ' 0 "- " d * b ‘“ “ “ »Eich 

Acid ^ Base -f- H 4- 

In non-aqueous solvents, in which no evidence nf 

detected, typical acid-base reactions do neverthdess ocTur' rh ™ y be 
tions are depicted by the scheme— s occur. These reac- 

(Acid)i + (Base), ^ (Base)! + (Acid), 

" o, '“ ,es hci - 

are such ions as HS0 4 ~ HCO - nh + ^ but aIso lncJ uded 

metallic hydroxides NH anH mi ’ c * Slmila rly, bases include the 
electrolytic t^S«Sf£3 CH.COO-, «. & 
matter presented in this book. adequate for the subject- 
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almost completely ionized in solution; a weak acid as one which is only 
slightly ionized in solution. 

A base is defined as a compound which will react with an acid to form 
a salt, usually together with water— 

BASE + ACID = SALT -f WATER 

The term is applied to the hydroxides and oxides of the metals, but when 
the hydroxide is appreciably soluble in water it is also called an alkali. 
For example, potassium and sodium hydroxides are both bases and 
alkalis; copper hydroxide, magnesium oxide, etc., are simply bases. The 
alkalis ionize in aqueous solution to form hydroxyl ions. 

A salt is the substance which results when an acid is treated with an 
alkali, in accordance with the above general equation. Salts which still 
contain hydrogen replaceable by a metal are known as acid salts or 
hydrogen salts , e.g. NaHS0 4 known variously as sodium hydrogen (acid 
or bi-) sulphate. A basic salt is one which still contains free base capable 
of reacting with an acid, thus basic copper sulphate may have the formula 
CuS0 4 . Cu(OH) 2 . In the solid state, such a basic salt consists of Cu ++ 
ions together with OH" and S0 4 ~ ~ ions. 
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WATER 

Introduction. Although water has the simple molecular formula H>0 it 
is nevertheless the most precious of all fluids, in many respects the'm’ost 
important chemical compound and, paradoxically, in some respects one 
of the most dangerous compounds. It occurs as rain, hail and snow in 
bulk in the streams, rivers and oceans; it is consumed as a drink, both in 
its natural state and as a beverage. Less familiar are its effects throughout 
he ages in the weathenng and disintegration of rocks to produce soil 
the latter when cultivated providing so much of the foodstuff's essential to 
i e The enormous energy possibilities of water and the dependence of 
modern civilization upon hydro-electric power and steam power are 
nowadays well understood. Water also plays an important role in most 

f™ Ca reaCt !°ns either as one of the reacting compounds, or as a solvent 
or sometimes (when present often only in very small concentrations) as an 
essential catalyst. On the debit side, the enormous wastage of metals 
particularly of the ferrous metals, by atmospheric corrosion frusting etc j 
is caused mainly by atmospheric oxidation in presence of water or moisture 
The rotting of materials, fabrics, etc., the purification of refuse the 
contraction of various diseases (e.g. malaria, typhoid, etc.) are all dependent 
n one way or another on the presence of water. Some of these varied 
modes of action of water will be discussed elsewhere in this book but in 
this chapter we shall concern ourselves with water in the general sense 
its composition, physical and chemical properties. ° 


THE COMPOSITION OF WATER 

sulohate in , ° add a httle to some anhydrous coDoer 

colour from white^pTe 


Cu++ 


4H 2 0 = Cu(H 2 0) 4 ++ 
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the overall reaction being usually represented as— 

CuS0 4 + 5H 2 0 = CuS0 4 .5H 2 0 

copper sulphate 
penta-hydrate 

This reaction by itself, however, would be insufficient adequately to 
identify the liquid as water; other tests must also be carried out in 
confirmation. 

(b) The direct combination of hydrogen and oxygen to form water may 
also be carried out by exploding the dry gases together in a eudiometer, or 
by passing the mixed gases over a suitable catalyst such as platinum black 
(a very finely divided form of platinum) at ordinary temperatures. In the 
eudiometer experiment, described below, the reaction occurs as a result 
of the local high temperature produced by passing an electric spark through 
a small portion of the gas. The reaction so initiated then occurs explosively 
as a result of a chain reaction (see p. 370). 

2H 2 + 0 2 = 2H 2 0 

(c) Water is also produced by the reducing action of gaseous hydrogen 
on the oxides of the less reactive metals, such as copper oxide, CuO, and 
the oxides of mercury, lead, etc.— 

CuO + H 2 = Cu + HoO 

This reaction may be carried out by passing dry hydrogen over the heated 
copper oxide contained in a hard glass tube as in the diagram shown 
on p. 400. Reactions (a), (b) and (c) each show the presence of either or 
both hydrogen and oxygen in water. 

Decomposition, (a) The decomposition of water into hydrogen and an 
oxide— 

Water -b Element -► Hydrogen -f- Oxide (or Hydroxide) 

may be produced by the action, under suitable conditions, of the more 
reactive metals, and of certain of the non-metals, with water. Examples of 
these reactions include— 

(i) 2Na + 2H 2 0 = 2NaOH 4- H 2 f 

This reaction occurs vigorously at ordinary temperatures, but by plunging 
a little sodium, wrapped in wire gauze, beneath the surface of the water, 
the hydrogen may be collected and identified. 

(ii) Mg + HoO = MgO + H 2 

In this case, steam is passed over strongly heated magnesium ribbon 
contained in a hard glass tube. The above reaction occurs when the 
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magnesium burns and the hydrogen liberated may be collected over water 
in the usual way (see Fig. 152). 

(iii) C + H 2 0 = CO + H, 

This reaction is the important water-gas reaction, and occurs when steam 

is passed over, or through, a bed of white hot coke. The carbon monoxide 

may be removed by ammoniacal cuprous chloride solution as described 
on p. 464. 







Hydrogen 


Metallic Sodium 
in gauze 




Fig. 143. Action of Water on Sodium 

(b) The decomposition of water by thermal dissociation requires an 

fnr *h me y h ' gh te ‘ 71 P erature > so that this method is of little practical value 
f he purpose of determining the composnion of water. Far mnler he 

wa t ter using p,atinum e,ectrodes > as in «« ho 2 £ 

SgiSlpSSSH 

Electrolyte — 

H 2 0 = H+ + OH- 
h 2 S0 4 = 2H+ + SO 


Cathode Reaction 


H+ 


H-^H 2 

hydrogen 
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Anode Reactions : ( a ) discharge of (OH)~ ions— 

OH" (OH) 4(OH) -> 2H 2 0 + 0 2 

(6) discharge of S0 4 — ions; S0 4 — (S0 4 ), which is followed im- 

mediately by— 

(S0 4 ) + H 2 0 -> H 2 S0 4 + (O) and 2(0) -> 0 2 

These reactions show that the sulphuric acid destroyed by the electrolysis 
is being continuously reformed by the secondary reactions at the anode, 
so that the actual amount of sulphuric acid present remains unchanged, 
a conclusion which may easily be verified by analysis. 

The hydrogen and oxygen gases are thus seen to result essentially from 
the decomposition of water. The important point to note in this experi¬ 
ment is that twice as much hydrogen (by volume) collects in the cathode 
chamber as oxygen in the anode chamber. 



The Composition of Water by Weight 

The works of two investigators are of classical importance in connexion 
with the quantitative determination of the combining ratio of hydrogen 
and oxygen in water. The first of these by Dumas in 1843 may indeed 
be considered to inaugurate a period during which many atomic weights 
were determined accurately, whilst the second, by Morley in 1895, is 
still considered a model of such determinations and resulted in a value 
for the atomic weight of hydrogen which differs only very slightly from the 
present-day generally accepted value. 

Dumas’ Determination. The method adopted by Dumas was based on 
the reaction— 

CuO + H 2 = Cu + H 2 0 

in which water is formed by the reducing action of hydrogen gas passed 
over heated copper oxide. A simplified laboratory version of the apparatus 
used is shown in Fig. 145. The water formed was carefully collected and 
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weighed. The weight of oxygen contained in this weight of water was 
found by weighing the copper oxide before and after the reduction, the 
difference giving directly the weight of oxygen. The weight of hydrogen in 
the water was then found indirectly by subtracting this value from the 
weight of water formed. 

The hydrogen prepared by the action of zinc on previously boiled dilute 
sulphuric acid was purified by passing successively through seven U-tubes 
containing— 

{a) pieces of glass moistened with lead nitrate to remove sulphuretted 
hydrogen, H 2 S, r 

( b ) solution of silver sulphate to remove arsine, AsH { , 

(c) three tubes of caustic potash to remove sulphur dioxide, carbon 
dioxide and nitrogen oxides, and 

(cl) phosphorus pentoxide to dry the gas. 

In order to confirm that the purified hydrogen was completely dry at 

th>s stage, it was next passed through a U-tube containing phosphorus 

pentoxide which was weighed before and after each experiment If no 

change in weight occurred it followed that the hydrogen had been com- 
pletely dried. 

The reaction— 

CuO + H., = Cu + H.,0 

w 


was then carried out by passing the dry purified hydrogen over dry copper 
oxide contained in a hard glass bulb, which was heated externally du inv 
the experiment by a spirit lamp. This bulb was weighed before and after 

thC dlfference in weight giving the weight of oxygen 
hours h bCen rem ° Ved 35 Water - Each ex Pe n ment lasted some 10-12 

The water mostly condensed in a second smaller bulb whilst the re 

mainder was absorbed from the excess of hydrogen, as the latter passed 
out of the apparatus, by passing through— 

(i) a U-tube containing solid potassium hydroxide, KOH 

(u) two U-tubes containing phosphorus pentoxide,P 2 0 -, the first of 
which was cooled throughout the experiment in ice, 

(iii) another U-tube containing P,0= and finally thrm.oh o ~ 
centrated H 0 SO 4 bubbler which protected the apparatus from the back 
diffusion of moisture from the outside atmosphere into tho . ™ . 

The bulb and U-,„be S (i) and (i „ wei , SXt,' 

after the experiment. The net increase in weight of these gave the 
weight of water formed in the experiment. S th 

Result. The average of nineteen experiments gave the fnllnwirm r n 
™ parn b, wei E hi of o„«„ combine wfib 6 *™^!"^ ^ 
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hydrogen to form water, or 8 00 parts of oxygen combine with 1 002 parts 
by weight of hydrogen. r 

The principal sources of error in Dumas’ estimation appear to be— 

(a) As the reduced copper cools, it adsorbs or absorbs some of the 
hydrogen gas, thereby increasing slightly in weight. 

(b) The liberation of hydrogen from sulphuric acid results in some of 
the dissolved air being carried away with the hydrogen. The oxygen 
present in this air is ultimately converted by the hydrogen and copper 

into water, whilst the nitrogen also present in this air may contaminate 
the copper oxide. 

Morley’s Determination of the Composition of Water by Weight. Morley’s 
method was based on the direct combination of carefully purified and 
dried hydrogen and oxygen to form water— 

2H 2 + 0 2 = 2H 2 0 

Unlike Dumas, in addition to weighing the oxygen and water, he also 
weighed the hydrogen, and the accuracy of his work is immediately 
revealed by the very close agreement between the weight of water formed 
and the sum of the weights of hydrogen and oxygen used. 

Preparation and Weighing of the Pure Dry Hydrogen. Hydrogen 
prepared by the electrolysis of dilute sulphuric acid was purified by 
passing through strong potassium hydroxide solution (to remove any 
acid spray), over red-hot copper (to remove the slight oxygen impurity), and 
then thoroughly dried by passing successively through three long tubes 
containing, respectively, glass beads moistened with concentrated potas¬ 
sium hydroxide solution, glass beads moistened with concentrated sul¬ 
phuric acid, and finally glass wool and phosphorus pentoxide. The dry 
pure hydrogen was then absorbed in palladium, and weighed. 

Preparation and Weighing of the Pure Dry Oxygen. The oxygen was 
prepared by heating potassium chlorate, and then dried and purified by 
passing through three long tubes as in the case of hydrogen. The oxygen 
was then collected in previously evacuated large glass globes, and weighed. 

Morley’s apparatus is shown in Fig. 146. This was first evacuated and 
weighed. The gases, hydrogen and oxygen were then admitted through 
the two side arms containing phosphorus pentoxide into the reaction 
chamber. Sparks were then passed across the platinum points so that 
ignition of the hydrogen occurred to form water. The rate of entry of the 
hydrogen and oxygen at their respective jets was regulated during each 
experiment to ensure a continous formation of water. This water con¬ 
densed and collected in the lower part A of the middle chamber. At the 
end of an experiment, the apparatus was immersed in a freezing mixture 
and the residual gases (containing both hydrogen and oxygen) pumped 
off through the P 2 0 5 tubes (which retained any moisture) and analysed. 



THE COMPOSITION OF WATER 403 

The weights of hydrogen and oxygen so obtained were added to the 
appropriate weights of hydrogen and oxygen which remained in the 
palladium and oxygen reservoirs. The weight of water formed was 
found directly by finding the increase in weight of the reaction vessel. 

As mentioned above, the very close agreement between the weights of 
hydrogen and oxygen used and the weight of water formed reveals the 


Hydrogen Oxygen 



Fig. 146. Morley’s 
Apparatus 



Fig. 147. Eudiometer (Composition 
of Water by Volume) 


thoroughness and accuracy of Morley’s determination. As a mean of 

(Km,/rrTu’ ]“ f ° Und that 8 00 P arts of ox >’g en combined with 

d!£ vTl :fo h o y 2 dr ° gen ’ a value slightly greater tha " that 5 


composition of Water by Volume 

The simplest way of determining the combining ratio bv volume of 
mercury in the space A. The amyl L oL vipour jaclTensur^tttThe 
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water formed on passing sparks across b remains in the vapour state. 
The contraction in volume after the explosion is noted, and also the 
volume of hydrogen which remains when the water is later condensed. 
These results show that the volumes of hydrogen and oxygen used, and 
the volume of steam formed, are almost exactly represented by— 

2 volumes of H 2 + 1 volume of 0 2 -> 2 volumes of steam 

Applying Avogadro's hypothesis, (that equal volumes of all gases under 
the same conditions of temperature and pressure contain equal numbers 
of molecules), it follows that— 

2h 2 + o 2 = m x o v 

so that x must equal two and y one to give the molecular formula of 
water as H 2 0. 

The method of calculating such an answer from the experimental 
results is best exemplified by making the calculation. 

20 ml of oxygen and 60 ml of hydrogen after sparking contracted to 60 ml 
(temperature of jacket > 100°C). On cooling (to condense the water vapour) 
the volume further contracted to 20 ml. All volumes have been corrected 
to S.T.P. conditions. 

Calculation 

Since excess of hydrogen was used, the residual volume (i.e. 20 ml) at the 
end of the experiment must be hydrogen. Hence, volume of hydrogen used 
during the experiment is 40 ml. 

The volume of oxygen used is equal to the volume of oxygen initially 
present, namely 20 ml. 

The volume of steam produced is found by subtracting the volume of excess 
hydrogen from the total volume of gases remaining after passing the sparks, 
i.e. 60-20 ml, that is, 40 ml. It may alternatively be found by observing the 
contraction when the temperature is reduced from above 100 C to below 100 C. 

These results show that— 

40 ml H 2 + 20 ml 0 2 -> 40 ml H 2 0 (vapour) 

If we let “1 volume” represent 20 ml, then— 

2 vols H 2 + 1 vol 0 2 -► 2 vols H 2 0 

whence, as above, the formula of water is H 2 0. 

The most accurate determination of the combining ratio (by 
of hydrogen and oxygen to form water is that of Burt and Edgar (1 h 
and the student is referred to such text-books as General and Inorganic 
Chemistry by Partington for a description of the experiments. As a resu 
of some fifty-nine determinations, they found that 

1 volume of hydrogen -f- 2*00288 volumes of oxygen —> water 
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This slight departure from the simple 1:2 ratio to be expected from the 
Cay-Lussac Law (when gases combine together they do so in volumes 
which are simply related) is now known to be due to the imperfect nature 



Fig. 148. Vapour Pressure Curve for Water 


oJ5Kd 2S?W * ° b ' y ,h ' 8“ laws (Boyle's, 

Physical Properties. The statement that water boils at I 00 °r ^ 

vapour pressure of ice. The above P ^ pressure ec l uaIs the 

diagram (Fig. 148) shows the way 
in which the vapour pressure of 
water varies with temperature; at 

H & P ressure > water boils at 
100 C, but at 300 mm pressure for 
example, it will boil at 75-9°C. 

The density of water varies with 
temperature as shown in Fig. 149 . a 
decrease in volume occurs when ice 
melts, and the volume of the water 



Temperature 


Fig. 149. Variation of the Density 

of Water with Temperature 


- • ui uic Water '^vui^uaiuic 

produced continues to decrease r .u 

until at 4°C the water reaches its ^ further increase in temperature 

perature the volume begins to increas™^ 6 ™^' Ab ° Ve this tem ' 
normal behaviour of a liauirf Th, k u g ’ n a g re ement with the 
to result from the relti^v 00^0 ^^'°" bd ° W 4 ° C is now known 
in the solid ice structure The^ork^of ‘ of the water molecules 
that in ice the water molecules have a th? h Fowler has shown 
arrangement, based on a tetrahedral arV ™ 6 " 510 " 31 tetra hedral 

“ ch w,, ' r moi “ u "' Th = « viCi; 1 *. 1 : 4 ,,;'" 
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ion in which are embedded two hydrogen ions (see adjoining sketch) so 
that the molecule as a whole has a tetrahedral charge distribution, two 

+ + 





positive and two negative, each approximating in value to \e. When ice 
melts, this open structure mainly, but not completely, collapses and a 



Fig. 150. Effect of Structure on the Expansion 

of Water 


contraction in volume and increase in density occurs. Water at 0°C still 
retains an appreciable tendency to associate with other water molecules, 
and probably consists of loose complexes of two, three, or even more 
molecules. With increase in temperature and consequent increase in the 
energy content of the molecule, this random structure of water gradua y 
breaks up, producing as in the case of the melting of ice a further contrac¬ 
tion in volume. The accompanying diagram (Fig. 150) shows qualitative y 
how this contraction in volume is compensated by the normal expansion o 
a liquid with rise in temperature, and explains why water reaches i s 
maximum density at a temperature which is higher than the me ting 
point, i.e. at 4°C. In crystalline hydrates, discussed below, the molecu es 
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importam^em nature A, ^ ^ ° f Water U P t0 4=C P^ an 
since it is less dense L tnV? “ ^° ,ed be ‘° W 4 ° C ’ the colder water, 
surface layer. If the reverb ^ Sur / ace and ,ce eventually forms as a 

continuously (with a further' ^ the cas< ? and the density increased 

water lakes etc Jo then the fre czing of fresh 
spread upwards" This soTd W'"i- ‘f^ 3 ‘ the J owest P oint and gradually 
normal summer since it wn k m ‘- ht wel1 P ersis t throughout a 

of water from the warmth nf th thermall y isolated by the upper layer 
life could hardlv c of the sun s rays. Marine fish and vegetable 

existence^of'fiiese scdid'blocks^f these . conditions, and in addition the 

changes which would .fc, P ’ 0 ’ 0 '‘ M C '™““ 

“S cT, ! , h™„r'""‘ ,re ' ml) *"» cenh. 
of pure water at 4 °r \ ’ .. c,c * s the v °hime occupied by one gramme 

Whfch is one- houtanith pan^f the g,na , lly to be sa me as The ml 

kept in Paris. a sta "dard of volume 

the water filling it a t 4"C welhed shphtT^^ T* 0, “ was found that 

1000-027 p. The ml th..cT Sh 5 d ght ^ more lhan 1000 p, namely 

volumetric practice !heun t h ofv f nl Und ^ u 6 equaI l ° 1 00 °027 c.c. S n modern 

the difference between the two for , most Poetical purposes 

>C two units is so small as to be entirely negligible. 

most substanwsThich are^hemsel 35 ionizi, ?S solvent - It will dissolve 

such as most salts adds Iff essentiall y electrovalent or ionic 
large class of compoundwW chare n P n T disso,ve the °ther very) 
of organic compounds of which u cova ent » suc h as the majority 

lard, etc., may be quoMj^LS^ 01 ^ 11 ^ P 5 affin bitter* 
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m- ( t. 447) 7 P °° r 0ne ' The s P ecific conductivity of pure wafer at 


408 


WATER 


25 C is only 0*04 x 10 -6 mhos, or in other words the electrical resistance 
of one c.c. of water between two electrodes each one cm 2 in area is as high 
as 2*5 x 10' ohms. As an ionizing solvent, however, water occupies 
almost an unique position. Other ionizing solvents, such as liquid am¬ 
monia, liquid sulphur dioxide, and anhydrous hydrogen fluoride are also 
known, but these are mostly of theoretical interest and play no important 
part in our everyday lives. 

The purification of water for domestic and industrial purposes probably 
plays the biggest part in the chemistry of water. The discussion of this 
very important topic is postponed, however, to Chapter 20. 

Chemical Properties. It will help the student to understand the chemistry 
of water if we first discuss briefly the ways in which it may react. In 
the molecule, H 2 0, each atom has acquired its full complement of electrons 
by covalency linkages— 

H * O x H 
• • 

that is H—O—H or H 2 0 

and the molecule is quite stable. We must therefore look to the other 
reactant for the primary cause of any resultant chemical reactivity. If 
this reactant does not possess the inert-gas electronic configuration, then, 
under suitable conditions, it may remedy this deficiency either by disrupting 
the water molecule (as in the reaction of the metals with water) or by 
direct combination with water molecules (as in the crystalline hydrates). 

If the reactant can be oxidized, then under appropriate conditions the water 
will act as an oxidizing agent and hydrogen will be liberated (as in the 
burning of magnesium in steam). Finally, some reactions, such as the 
hydrolysis of salts, depend upon the small degree of ionization of water 
to produce hydrogen and hydroxyl ions, H + and (OH) - . 

H 2 0 ^ H+ + (OH)- 

These four types of reactivity may be summarized— 

(a) reaction of certain metals (and non-metals) with liquid water, 

(b) reactions of certain other metals (and non-metals) with steam, 

(c) hydrolysis reactions, and 

( d) formation of hydrates, such as CuS0 4 .5H 2 0. 

Reaction of Metals with Water 

Potassium reacts violently with water, even when cold, to liberate hyaxogM 
and form potassium hydroxide. The hydrogen liberated is ignite y 
heat of the reaction and bums with the lilac flame characteris ic 

potassium. 
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the^otSrr + 2 ."*° = ? KOH + H > resu " s from the tendency of 
ectro l , ’ with the electronic structure 2 . 8 . 8 . 1, to lose one 

2 8 8 Th s qUlre mert ' gaS electronic s^ucture of argon, viz. 


followed by 


K e (H—O)—H = K+ (OH)- + (H) 

2(H) - H, 

M 

hydrogen 

gas 


suffiSrj'meir,t ,S m 7 len ', ly t Wi ; h ,va,er; *• "«< of .he reac.ion , s 
w..er as a 0 ™ ,h ' ,ta 

ignite the hydrogen, unless the motion 
ot the sodium be restricted as for ex¬ 
ample by floating the sodium in water 
on a piece of blotting paper, or by using 
hot water. The hydr ° g en then burns 

a yellow flame characteristic of 
sodium. 


2Na 



L 2H 20 = 2NaOH + H 2 
Calcium, being heavier than water 

s owWh 6 b ° UOm and then reacts 
slowly. The reaction gradually slows p 

up due to the formation of moderately '51- Action of Water 

soluble calcium hydroxide which tends ° n Ma S nesium 

° Pr ° teCt thC CaldUm metal fr° m further reaction with the water. 

Ca + 2H 2 0 = Ca(OH) 2 + H 2 

reaction. 4 ’ and SO does not P r otect the metal from further 

cold water, n, and V slightll'v I more lded .™ agnesium reacts very slowly with 
illustrated in Fig. 15^ wfll show rap ' d y ° n heatln g, as the experiment 

Ma . Reactions of the Metals with Steam 

and burns witlHts" uTu^briH^nt* flame*t S f r ° ngly in steam > «t ignites 
hydrogen- ° nlliant flame to form the oxide and liberate 

M g + H 2 0 = MgO + H 2 

steam 
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It is probable that a very slight dissociation of the gaseous water 
molecules into free hydrogen atoms and hydroxyl radicals occurs 

h 2 o = h 4 - oh 

and that reaction takes place to form initially magnesium hydroxide 
which then decomposes at this temperature to form magnesium oxide 


Mg + 2(OH) Mg(OH) 2 
Mg(OH) 2 -> MgO + H 2 0 



Measurements of the absorption spectrum of water vapour at high 
temperatures show the presence of lines due to the OH radical, in 
agreement with the probable mechanism of the reaction suggested above. 

Aluminium, apparently, does not react with water, but if the very 
adherent and impervious coating of oxide, A1 2 0 3 , is not allowed to form, 
for example, by immersing the aluminium in a solution of a mercuric 
salt for a short time, then reaction occurs readily both with water and with 
steam, to liberate hydrogen and form aluminium hydroxide (or oxide). 

2A1 + 3Hg(N0 3 ) 2 = 2A1(N0 3 ) 3 + 3Hg 

Aluminium 4 - Mercury -> Aluminium amalgam 

Zinc will burn when heated strongly in steam to form the oxide and 
liberate hydrogen. 
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Iron requires superheated steam before reaction occurs to form ferroso- 
ferric oxide, Fe 3 0 4 . The student will recall that this reaction is reversible 
and is the basis of the Lane process for preparing reasonably pure hydrogen 
(99 per cent) on a commercial scale. 

The metals below hydrogen in the electrochemical series (see p. 272) do 
not react with either water or with steam. It is probable that if oxidation 
could occur in the latter case, the hydrogen liberated would immediately 
reverse the process, and the net result would be no reaction. These remarks 
apply to such metals as copper, silver, platinum, gold, etc. 

Reaction of Non-metals with Water 

Oilorme. The solution in water reacts slightly to form hypochlorous 

acid and hydrochloric acid— 

ci 2 + HoO = HC1 + HCIO 

hypochlorous 

acid 

liberated 8 —’ ^ hypochlorous acid slowl y decomposes and oxygen is 

2HC10 = 2HC1 + 0 2 


Fluorme reacts vigorously with water to form hydrofluoric acid (H,F 2 ) 

chlorine® 6 * Wlth "° lndlcation of an y intermediate stage as in the case of 
chlorine. Sometimes, an unexplained inhibition occurs, and quantities 

m V acc ; urnulate ln the presence of fluorine until the reaction is 
suddenly initiated with explosive violence. 

‘‘w C ater:V^ n , Steam iS paSS , ed throu 8 h a bed of white hot coke, the 
water gas reaction occurs to form carbon monoxide and hydrogen— 

C + H 2 0 = CO + H, 

M 

Silicon shows a similar reactivity, but the reaction occurs more slowly— 

Si + 2H,0 = SiO, 2 + 2H 2 

silica 

Hydrolysis Reactions 

Hydrolysis is essentially the tendency for the reaction 

Base -f Acid = Salt + Water 

CuS0 4 4 - 2H 2 0 ^ Cu(OH) 2 + H 2 S0 4 

weak base strong acid 
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Conversely salts of weak acids and strong bases give alkaline solutions— 

Na 2 CO + 2H 2 0 = 2NaOH + H 2 C0 3 

strong base weak acid 

The resulting acidic or alkaline character of the solution is thus determined 
by the relative strengths of the acid and base which tend to form during 
the hydrolysis. Thus, sodium hydroxide is a strong base whilst carbonic 
acid is a very weak acid. 

The term hydrolysis is also used to describe the reaction with water 
of certain compounds which are not salts. These compounds are essenti¬ 
ally covalent compounds, and often react merely on exposure to the 
moisture of the atmosphere. Most of the examples of this type of hydro¬ 
lysis are found in the chlorides of the non-metals and of certain metals, 
for example— 

PC1 3 -f 3H 2 0 = H 3 PO 3 + 3HC1 

phosphorus 

trichloride 

PC1 5 + H 2 0 = POCI 3 + 2HC1 

phosphorus 

pcntachloride 

POCI3 + 3H 2 0 = H 3 P0 4 + 3HC1 J 

phosphorus 

oxychloride 

S0 2 C1 2 + 2H 2 0 = H 2 S0 4 + 2HC1 

sulphuryl 

chloride 

SnCl 4 + 4H 2 0 = Sn(OH ) 4 + 4HC1 

stannic 

chloride 

TiCl„ + 4H 2 0 = Ti(OH ) 4 + 4HC1 

titanium 

chloride 

These compounds fume when exposed to air due to the liberation of 
hydrogen chloride gas, which combines with the moisture of the atmosphere 
to form very fine droplets of hydrochloric acid. 

Nitrides. The nitrides of certain metals, such as Mg 3 N 2 , Li 3 N, Ca 3 N 2 , 
are decomposed by water to form the corresponding hydroxide an 
liberate ammonia gas— 

MgaN 2 + 6H 2 0 = 3Mg(OH ) 2 + 2NH 3 

When magnesium is burnt in air, it forms mainly MgO together with a 
small amount of the yellow magnesium nitride Mg 3 N 2 . On subsequen 
treatment with water the magnesium nitride decomposes and the o our 

of ammonia is easily recognized. 
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■ Hy ^ ride f 7 he h y drides of the alkali and alkaline earth metals are 
immediately decomposed by water, often explosively, to liberate hydrogen 
and form the hydroxide of the metal— ' ' s 


NaH + H,0 = NaOH + H., 

CaH, + 2H 2 0 = Ca(OH), + 2H, 

— 


The amides of these metals also react vigorously with 
corresponding nitrides liberate ammonia- 


water, and like the 


NaNH 2 + H 2 0 = NaOH + NH 3 

sodamide 


It is important, therefore, to note that in the preparation of the hydrides 
excluded 3 " 3 * the m ° re feaCtiVe mStalS molsture must be rigidly 


Water of CrystaUization 

^ h cr n ys a talhz U e ti0 cL°r f in Water is “"centrated and allowed 

formu a CuSO SR o C °TT which have the molecular 

t on nf Sln ? !r P resence ln the solid structure is necessary for the forma 
ion of crystalline copper sulphate. When these blue crystals are heated 

lization) substance, CuSO,. ^ rous (t at is, without water of crystai- 

salT h to nU ano b th r er 0 , f TorT^oL "Ten C T n tallization Varies flom one 

s^of ,8 c^s 

common and chemical names^ ^ S ‘ Ven beIow ’ to g ether with their 
Washing soda, or sodium carbonate decahydrate Na CO inno 

fz Xvssszg: 

Borax, or sodium borate decahydrate NaBO 10H o' 2 
Moh7°sa P t° t or S fe7ou* 3 mnmo T1 ' SUlpha i te H* 1 ^ rat,e ’ KA ‘< S °^ • 12H„0 

(NH 4 , 2 S0 4 FeS0 6H 0 Um SU ' Phate hexah y dra te. 
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Certain solid acids, for example, oxalic acid, H 2 Q0 4 . 2H 2 0, and some 
hydroxides and oxides, for example, Ba(OH) 2 .6H 2 0 and A1 2 0 3 . H 2 0, 
also contain water of crystallization. 

The molecules of water in crystalline hydrates fulfill a structural role; 
they fill voids in the crystal structure and so permit the salt-ions (such as 
Cu ++ and S0 4 “~) to take up a regular (and, therefore, crystalline) arrange¬ 
ment of minimum energy content. The number of molecules of water 
required for this purpose is very largely determined by the relative sizes of 
the respective ions. Thus a small ion tends to surround itself with a certain 
number of molecules of water so as to increase its apparent size as closely 
as possible to that of the other salt-ion. Regarding each molecule of 
water as a sphere, it is not difficult to see that the number of molecules 
required for this purpose will probably be four (tetrahedral arrangement), 
six (octahedral arrangement) or eight (cubic arrangement), viz — 



Examples occur in strontium chloride with the structure [Sr(H 2 0) 6 ]Cl 2 , 
and potash alum with the structure [K(H 2 0) 6 ] [A1(H 2 0) 6 ]. (S0 4 ) 2 . Where 
the ions are approximately of the same size the need for this artificial 
increase in size by hydration does not occur, and crystallization occurs 
without hydration as, for example, with sodium chloride or common 
salt, NaCl, which forms beautiful cubic crystals. 

There are two extreme schools of thought concerning the mode of 
linkage of water molecules in crystalline hydrates. On the one hand there 
is the Co-ordination Theory of Werner as elaborated by Sidgwick, and 
on the other hand the Electrostatic Theory of Fajans, Born and others. 
According to the former theory, the molecules of water are considered 
to be attached by definite valency bonds to their respective salt-ions. The 
water associated with the cation is considered to be linked through the 
oxygen portion of the molecule by a co-ordinate-link (dative or semi-polar 
double bond), i.e. M + OH 2 ; that to the anion by some form of 
“hydrogen” bond, thus— 



O O. H / 


The second theory does not envisage a definite linkage of the water 
cules to the salt-ions in the crystal hydrate, but regards them as mg 
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held in place by the electrostatic forces between the salt-ions. Probably 

neither theory is completely correct, although on balance the electrostatic 
theory appears slightly the more probable 

Deliquescence and Efflorescence. Some hydrates on exposure to the 

cmmble to y H 6 “ m ? or a11 of their water of crystallization and 
crumble to a powder. Such substances are said to be efflorescent the 

escence °A famT of cr y stal! '^t.on being referred to as e’fflor- 

escence A familiar example is found in the case of washing soda crystals 

white o 6 m 6 y dry . da >V he crystals ef floresce and become covered with a 
white opaque powder of sodium carbonate monohydrate 

Na 2 C0 3 .10H 2 O -> Na 2 C0 3 . H^O -f- 9H 2 0 

!Ulph ” e »lpl»« 

CuS0 4 .5H 2 0 CuS0 4 . H 2 0 4 - 4H 2 0 
Na 2 S0 4 .10H 2 O -> Na 2 S0 4 + 10H.,O 

wi?hS5S^^ n ^”2! ta » the atmosphere occurs 
results uhimate P ly in the foTmatmn o? a / °J ^ Up moisture 

be "" io “ r of a hp<ir “»" «ro»» 

(a) the pressure of aqueous vapour in the atmosphere 

hydrate wVffise wate^Capour to *3? a ? y than (o) ’ then the 

effloresce. If, on the other hand (h\ ,^1 at ™ os P here and will therefore 
to absorb water vapour from the itmn^h^ 3 " ( °a the hydrate wili tend 
If, in addition, ( c ) is less than <lu£r% a " d wiU be hygroscopic, 
occur until a solution is produced wh™?^ process of deliquescence will 
°f (o). Since the pressure of thp vapour pressure just equals that 

continually varying P being relL Ielv hhfh 118 Vap T ° f the atm ° s Phere is 

dry days, it is no t difficult to an gH on wet days and relatively low on 
CuSO,. 5H.,0 which has a va PPreciate that a substance such as 

- Which has a vapour pressure between these extremes may 

* See also p. 199 
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be completely stable on a wet day but will effloresce on a dry day Con¬ 
versely, anhydrous copper sulphate may be stable on a dry day but on a 
wet day the increased humidity or vapour pressure of the atmosphere 

will result in hydration and the formation of blue copper sulphate 
pentahydrate. rr r 

Heavy Water. For a discussion of heavy water or deuterium oxide 
see p. 374. 



CHAPTER 19 


the elements of GROUP I 

as^he* 5 '‘AlkaH*Metal's” the gr ° Up ° f elements known 

and caesium. ’ h are llthll,m ’ sod,um ’ potassium, rubidium 

ALKALI METALS 

gLes S whk:h 0 f n™ 0niC confi S u u ra " on <he alkali metals follow the inert 

rSd7y n so n £ng U SF:S' ™?^™" 1 Se f SS5 meSmay ?£ 

srs: of t 

SKKl “ S sbwP 1 “ “ J ~ 

follows— c c a 1 metcds ma y t> e summarized as 

negative end^he'eS Stand ‘ ng at the 

SdrS Zn7:"Li d rn n f 

ignition of the Solved hydrogen SUffiC ‘ ent ,n mOSt cases to cause 

sodium was formwlyempbyed to obtain ^ ducing a §® nts - F °r example, 
thermal reduction as follows^ b alurruniu ni from its chloride by 

3Na + A1C1 3 = 3NaCl + Al 

the strongest bas'es^know^Theoxides' and nef ^ '"r faCt they are 

direct union of the alkali motile and P erox ides are formed by the 

when the alkali metals react with lltTrJfhus^ hydr ° xides are fo ™ed 


2Na : 2H 2 0 = 2NaOH 


H., 


Of the reaction 1 ncre^es wi th i'nc^ea s'^ 1 T like the salts - The violence 

alkali metal involved. The oxides of^heVlk r** atornic wei ght of the 

ox.des of the alkali metals cannot (with the 

417 



418 


THE ELEMENTS OF GROUP I 

exception of lithium oxide) be obtained by heating the nitrate or the 
carbonate. 

Table 77 


Some Physical Properties of the Alkali Metals 


Property 

Lithium 

1 Li 

Sodium 

Na 

1 

Potas- 

sium 

IC 

Rubidium 

Rb 

Caesium 

Cs 

1 

Atomic number 

3 

11 

19 

37 

1 

55 

Electronic configuration . 

2, 1 

2, 8, 1 

2, 8, 8, 1 

2,8, 18, 8, 1 

2,8,18,18, 8, 1 

Atomic weight 

6-94 

22-997 

39096 

85-48 

! 132-91 

Density (g/cm 3 at 20°C) . 
Atomic volume (cm 3 /g 

0-53 

0-97 

0-86 

1-53 

1-9 

atom) 

13*1 

23-70 

45-50 

55-87 

69-95 

Melting point (°C) 

Boiling point (°C) 

186-0 

97-50 

62-30 

38-30 

26-00 

(760 mm pressure) 
Thermal conductivity 
(cal./cm 2 /sec at 20°C) . 
Electrical resistivity 

1372-0 

0-17 

886-70 

773-90 

0-237 

700-00 

510-00 

(microhm-cm) . . j 

Normal electrode poten¬ 
tial (volts) (Hydrogen 

8-50 

| 

22-76 

7-00 

1000 

2000 

scale) 

- 3-02 

1 

- 2-712 

- 2-922 

- 2-928 

I 



(cl) The normal salts of the alkali metals with strong acids are practically 
unhydrolyzed and, in general, react neutral. 

(e) With very few exceptions all the salts are freely soluble in water. 
(/) The alkali metals combine with hydrogen to form hydrides which 
are salt-like in nature, e.g. LiH. 

(") Except when derived from a coloured acid (e.g. chromic acid, 
permanganic acid) the salts of the alkali metals are devoid of colour. 

(//) Each of the alkali metals forms only one stable series of compounds 
in which the metal in monovalent. Peroxides and polysulphides, etc., are 
known but these are comparatively unstable compounds. 

LITHIUM 

Occurrence. Lithium does not occur in the free state in nature, nor are its 
compounds very abundant. The chief minerals from which commercial 
supplies of lithium are obtained are— 

Spodumene, Li 2 0 . Al 2 O a . 4Si0 2 ; 4-8 per cent Li 2 0 
Amblygonite, Li (A1F)P0 4 ; 9-10 per cent Li 2 0 
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Lepidolite, a lithium mica; a complex silicate of lithium, potassium 
and aluminium; 2-6 per cent Li 2 0 

Most of the world’s spodumene is obtained from South Dakota in the 
U.b.A Important deposits of spodumene and amblygonite are found 
near Winnipeg in Manitoba. Lepidolite is often found in tin veins in the 
Lastern United States, South-West Africa and Saxony. 

Trl addltl °r t0 the above mi neral sources large amounts of crude 
dihthium sodium phosphate, Li 2 NaP0 4 , are obtained during the recovery 

n! S H dl . Um u a l nd 1 . P L 0tassium .salts from Searles Lake, California, U.S.A. The 
ude double lithium sodium salt contains up to 20 per cent Li.,0. 

The chief uses of lithium ores are— 

(a) for the preparation of lithium salts, 

(b) for the manufacture of special glasses and ceramics, and 

(c) tor the extraction of metallic lithium. 

fuS rfSL 0f ' LithiUm ‘ u etal ‘ iC lithium is obtained b >' electrolysis of the 
fused chloride using a carbon anode and an iron cathode 

is & 0f r‘T' m' hiUm iS the "S' 11651 me,al known = its density 

“ aCC f qU,C u ly tarniSheS When ex P° sed a damp atmos- 

metals l Z2 l ZZ ^ but harder than tbe otber alkali 
readilv Ieast reactlve of the aIkali metals, although it 

m p = 186 ° c^and TZ ^ ^ in the air ’ ,ithium melts 

i f • L and tben takes fi re , burning with a bright white flame 

and forming lithium oxide. Lithium has a great affinity f 0 8 most elements 

ut7f y L °r m as T° h r eta,u A T uritiJ ° r ^ - — 1 

during recent years For 11565 ° f , l,thlUm have inCreased ver >' considerably 

for Ikhium allovs F , P u ,ncreasin g applications are being found 
the deS of £!!“T ^ ° f lithium as a 5 °- 50 Ca-Li alloy for 

This is an example of fhe use oTffihiumT 6 " 'J. aStln8s is widel y employed. 

towards non-metallic imnmf, J dependent upon its high reactivity 
As an airSeZ T™’ $UCh aS h > dro g e " and 

phy ot al o p fT rties ’ such as ^ certain of the,r 

heat-treatm nt ffirna^ttm^h 3 ^ 11 ^ 1005 ° f Iithium ’ ‘—ever, is for 
certain method of is , clai ™d Prides a 

The lithium atmosphere is Obtained 8 de f arbonlzatl on of steel, 

air and propane through a lithium \ P assin S. a cracked” mixture of 
of 650-810°C. This cartridpe mm trld S e maintained at a temperature 

lithium carbonate mix^d with “n 3 miXtUre ° f ‘ ,thium chlor ‘ de and 
whole being contained fn a shL si f am ° Unt ° f metal,ic hth.um, ‘he 

S in a sheet steel cup approximately 3 in. in diameter 
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and 4 in. long. When heated the lithium salts volatilize and lithium vapour 

is picked up by the cracked propane-air mixture as it flows through the 

cartridge. The mixture then passes into the furnace where it constitutes a 
neutral atmosphere. 


Lithium Compounds 

Lithium hydride, LiH, is formed when lithium is heated in an atmosphere of 
hydrogen. It is of interest to note that electrolysis of the fused hydride 
libeiates hydrogen at the anode. When acted upon by water the hydride 
evolves hydrogen with the accompaniment of considerable heat. This 
reaction has found application in air-sea rescue work when the hydride is 
contained within a small metal container, and when mixed with a little 
water liberates sufficient hydrogen to fill a small balloon capable of 
holding aloft a small radio aerial. 

Lithium oxide, Li 2 0, is a white powder obtained either by heating the 
metal in air, or alternatively by heating the hydroxide in an atmosphere 
in dry hydrogen. Lithium oxide reacts slowly with water to form lithium 
hydroxide. 

Lithium peroxide is made by the action of hydrogen peroxide on 
lithium hydroxide. The action of water on the metal gives rise to the 
formation of lithium hydroxide. 

Lithium carbonate is precipitated as a white solid when ammonium 
carbonate solution is added to a solution of a soluble lithium salt. 

2LiCl + (NH 4 ) 2 C0 3 = Li 2 C0 3 j + 2NH 4 C1 

Lithium carbonate is soluble in the presence of carbon dioxide owing 
to the formation of lithium bicarbonate, thus— 

Li 2 C0 3 + C0 2 + H 2 0 = 2LiHC0 3 

The aqueous solution of lithium bicarbonate is sold for medicinal use 
under the name of lithia water. 

Lithium chloride is very similar in general behaviour to sodium chloride 
although it is more soluble in water than is sodium chloride, and in addition 
it is extremely deliquescent—in fact, it is possibly the most deliquescent 
substance known. 

Lithium fluoride is only sparingly soluble in water and in this respect 
resembles the fluorides of the alkaline earth metals. 

Lithium phosphate, like the carbonate, is practically insoluble in water. 

Uses of the Lithium Compounds. On account of its hygroscopic, non¬ 
volatile and non-toxic properties, lithium chloride finds application for 
dehumidifying air for air-conditioning and also as an industrial drying 
agent. The chloride and the fluoride are used as fluxes for welding, especi¬ 
ally of aluminium and its alloys; for these alloys, however, some workers 
prefer the fluoride owing to its non-hygroscopic nature. 
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Lithium hydroxide is used for the mercerizing of cellulose for ravon 
manufacture. J 

Lithium stearate and similar lithium soaps find application as lubricants 
which are required to retain their viscosity over a wide temperature ranpe. 
he naturally occurring lepidolite is used in the glass and ceramic 

™ tr ‘ es * ^ e Ilt ^ um and fluorine occurring in this mineral facilitate 
me mg o the glass, because of their fluxing action, and also give the 
product a lower coefficient of thermal expansion, thereby lessening the 

Wh^'n 1 hh a f / raC K tUre Y hCn sub J ected to sudden changes of temperature. 
When added to the melt in large amounts lepidolite acts as an opacifier. 

SODIUM 

!,rrL m AI ' hOUSh f3r tooreactive to be found free, sodium occurs in 

. ense quantities in comparatively few compounds the most 
important being sodium chloride. P 

Sodium Chloride or Common Salt. This compound, which has been 
S 'w k “ in *■■■«. Win to s„“d 

up 3 per int of L e } ^ brine ' R ° Ck salt > which ™kes 

Galicia i^ rhfs, r S CrUSt ’ 6X1StS in ex,ensive de P°*its at Wielicza in 
and Salt Lake C ^ 1 r ^' on A of Ge ™any, in California, Kansas, Utah 

wich and Middllw U ^ A u- ln the Pun J ab : and at Northwich, Nant- 
These deposits nf 1C 1 /° besblre ’ and Droitwich in Worcestershire. 
JStSKS F ° $a,t haVC bCen f ° rmed * the evaporation of 

of sodium chloride in inland * , Ciy JO per cent. The concentration 

-ch hl gher °han that obtaining Tn sea water ^Thfs "f ^ ° fte " 

and down to the seas- furth^r^ tb , e water ^ rom springs to rivers 

elements card 5d“'i„tt seastn^" n ke , CaldUm and ^ other 
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Soda Felspar, or Albite, Na 2 0 . A1,0 3 .6SiO a . As a result of weathering, 
decomposition occurs as follows— 

Na 2 0 . A1 2 0 3 .6Si0 2 + C0 2 + H 2 0 = Na 2 C0 3 

+ AI 2 0 3 .2Si0 2 .2H 2 0 + 4Si0 2 

Kaolin or China clay 

Sodium Carbonate. The soluble sodium carbonate is carried away in 
solution whilst the residue of kaolin and silica remains behind. The 
accumulation of sodium carbonate in inland seas which have subsequently 
evaporated has probably led to the formation of deposits of sodium 
sesqui-carbonate Na 2 C0 3 . NaHC0 3 .2H 2 0, such as those found in 
Wyoming in the U.S.A., and in Lake Magadi in East Africa. Other forms 
of the carbonate occurring naturally are Natron, Na 2 C0 3 . H 2 0, and 
Trona, Na 2 C0 3 .2NaHC0 3 .3H 2 0. 

All these minerals constitute valuable sources of alkali. 

Borax. Certain inland lakes, notably in California and Nevada in the 
U.S.A., and in certain parts of China, Tibet and Persia contain, in addi¬ 
tion to other sodium sa ts, sodium borate. The boron has probably been 
derived from thermal springs. Evaporation of these lakes has led to the 
production of deposits of borax, Na 2 B 4 0 7 .10H 2 O. 

Chile Saltpetre. Sodium nitrate mixed with sodium chloride, sodium 
sulphate and sodium iodate occurs in extensive deposits in the deserts on 
the borders of Chile and Peru. This particular mineral is known as Chile 
Saltpetre or Caliche. The nitrogen is possibly of organic origin, being 
derived, by continual extraction with rain and stream water, from the 
bird’s deposits or guano. 

Cryolite. Sodium also occurs in nature as the double fluoride of 
sodium and aluminium known as cryolite, 3NaF. A1F 3 . Extensive 
deposits of this mineral occur in Greenland. Cryolite finds considerable 
technological importance in the extraction of aluminium by the Hall- 
Heroult process. 

Preparation of Sodium. Two processes are employed at the present 
time for the preparation of metallic sodium, both of which are electrolytic 
processes. 

(a) The Castner process. 

(b) The Down's process. 

The Castner Process. In principle the Castner process is the same as that 
which Davy employed when he first isolated sodium. It consists in essence 
of the electrolysis of molten sodium hydroxide. 

The electrolytic cell employed for this preparation is shown diagram- 
matically in Fig. 153. Sodium hydroxide is contained in an iron pot A, 
supported in a brickwork setting. The hydroxide is melted by means of a 
ring of gas jets B\ the temperature of the electrolyte is maintained at 
about 20°C above its melting point (i.e. 310°C). An iron cathode C 
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enters the cell through the bottom of the iron pot, being maintained in 
position by the solidified cake of sodium hydroxide D. Nickel anodes E 
are supported from above around the centrally-placed cathode, the anodes 
being insulated electrically from the iron pot and also from the iron 
cylinder F by means of asbestos washers. A screen of nickel gauze G 
separates the anode and cathode. On electrolysis sodium and hydrogen are 
liberated at the cathode, the molten sodium, guided by the nickel gauze 
screen G rises and collects in the iron 
cylinder F. The hydrogen also enters 
this cylinder and forms an atmosphere 
above the molten sodium, so protecting 
it from oxidation. From time to time 
the molten sodium is ladled off by means 
of a perforated ladle which retains the 
liquid metal on account of its high sur¬ 
face tension, but permits the molten 
sodium hydroxide to run through. 

Oxygen is liberated at the anode and 
escapes through the port H. The changes 
occurring during electrolysis may be 
depicted ionically as follows— 

NaOH ^ Na+ + OH' . (a) 

The hydroxyl ions are discharged at 
the anode; they then react together Fig. 153 . Castner Cell for the 
thus Electrolytic Manufacture of 

40H = 0 2 T 2H 2 0 . ( b ) Sodium 

The oxygen escapes as described above. The water dissolves in the 
molten sodium hydroxide and is then electrolyzed with the production 
of hydrogen, which is liberated at the cathode with the sodium as shown in 
equation (a), whilst the oxygen is liberated at the anode and passes upwards 
through the electrolyte and out of the cell through the port H. 

For a cell holding 100 kilogrammes a typical current would be 1200 
amperes at 5 volts. The temperature of the electrolyte must not rise unduly 
otherwise there would be considerable loss of efficiency due to the sodium 
dissolving in the molten sodium hydroxide to form a “metallic foe ” 

The Down’s Process. The electrolysis of fused sodium chloride to give 
its component elements is not practicable owing to the ease with which 
molten sodium dissolves in the molten electrolyte to give a “metallic foe” 
as described above in the case of the Castner process. Although the 
me ting point of sodium chloride is 804°C, this may be lowered by the 
addition of certain salts, such as the chlorides and fluorides of the alkaline 
earth metals. By means of such additions it is possible to maintain a 
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bath of molten sodium chloride at temperatures of 600°-650°C. Electro- 

ysis of this electrolyte does not give rise to serious losses of sodium by the 
formation of metallic fog. 

The cell employed in the Down’s process is shown diagrammatically 
m Fig. 154. The shell of the cell B is made of steel but is lined with refrac¬ 
tory brickwork. The anode A is made of graphite and the cathode C is 
in the form of an iron ring. The fused electrolyte D nearly fills the cell, 
further additions of electrolyte being charged through port E. On electro¬ 
lysis, chlorine is liberated at the anode and this gas rises upwards through 

the electrolyte, through the collect¬ 
ing dome F and out of the cell 
through the pipe G. The sodium, 
which is liberated at the ring 
cathode, rises upwards through 
the electrolyte, is collected by the 
annular sodium collector H and 
thence through pipe / to the col¬ 
lecting vessel J. The chemical 
reaction involved in this process 
is as follows— 

2NaCl = 2Na + Cl 2 

Physical Properties of Sodium— 

(a) Sodium is a silvery-white 

Fio. 154. Down’s Cell for the Electro- metaI unacted by dry air at 
lytic Manufacture of Sodium ordinary temperature, but rapidly 

tarnishing in moist air. 

0 b ) It is a soft metal and may be cut readily with a knife. It is easily 
capable of being pressed and moulded into the form of ribbon and wire. 

(c) Sodium exhibits a low melting point (97*5°C). 

(d) It is a good conductor of heat and electricity. 

(e) Sodium has a low density (0*97) and therefore floats on water. 

Chemical Properties of Sodium 

(a) Sodium is a very reactive metal. Owing to the ease with which it 
reacts with the moisture of the atmosphere it is necessary either to store 
it under the surface of a liquid such as naphtha which contains no oxygen, 
or alternatively to store it in airtight drums. 

C b ) When heated in air, sodium burns readily with a bright yellow 
flame to form a mixture of oxides, the peroxide predominating. 

4Na + 0 2 = 2Na 2 0 

Sodium monoxide 

2Na -j- 0 2 = Na 2 0 2 

Sodium peroxide 



+ ve 
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(c) When heated, sodium combines directly with the halogens, phos¬ 
phorus and sulphur to form the halides, phosphide and the various 
polysulphides respectively. 

When heated in hydrogen, sodium forms its hydride, NaH. 

(d) Sodium is a strong reducing agent reducing, for example, chlorides 
ot the more refractory elements to the metal, thus— 

BeCl 2 + 2Na = 2NaCl + Be 

Sodium reacts similarly with the oxides of metals less reactive than 
itself. 

Thus, sodium reacts with boric oxide as follows— 

B 2 0 3 + 6Na = 3Na>0 + 2B 

(c) When placed on water sodium floats and reacts as follows— 

2Na -f 2H a O = 2NaOH 4- H 2 

The heat of the reaction is sufficient to melt the sodium but unless the 

r a * er t 1S hea : ed ° r ^ metal is in the form of large pieces there is insufficient 
neat to ignite the hydrogen. 

(/) Sodium reacts readily with ethyl alcohol to form sodium ethoxide 
(or sodium ethylate) and liberate hydrogen, thus— 

2Na 4- 2C 2 H 5 OH = 2C 2 H 5 ONa 4- H 2 

solmLTl^ iS l°T tim ! S USGd f ° r the P re P aration of a standard 

on ,ii '“ lion wi,h “” di ™ 


c 2 h,oh 


C 2 H 5 ONa + H 2 0 = NaOH H 

sod? m ^e en hCated 31 300O - 400 ° C in g^ous ammonia, sodium forms 

2Na + 2NH 3 = 2NaNH 2 + H 2 

formatkm^f snH' dSd 1° S ° da ™ ide there is a vio 'ent reaction leading to the 
formation of sodium hydroxide and the liberation of ammonia, thus— 

NaNH 2 + H 2 0 = NH 3 + NaOH 

S °(i i ) U Sodi i , S i S m 1 H eS ' iC]Uid ammonia to g™ a blue colloidal solution 

m W SOlV6S m mercur y t0 f °™ sodium amalgam 
(/) Sodium reacts violently with acids 5 

of^m S p2o U xTde S s°o d H Um i$ USed in ' ar S e ^ antitie s for the manufacture 
employe™ asanowerff 6 ^ sodamide - S »^m is frequently 
less P vigorous reducing reducin g a g ent ln organic chemistry; where a 
About half of ml S T nt 1$ reqUlred ’ sodium amalgam is used. 

» employed ,or 
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Sodium also finds application as a filling for aero-engine exhaust 
valves, on account of its good thermal conductivity; and also for refining 
the grain size of aluminium-silicon alloys (e.g. Alpax). 

Minor uses include the use of the metal in electric discharge lamps, for 
certain types of photo-cells, and as a filling for high-temperature thermo¬ 
meters. 


Compounds of Sodium 

Sodium Hydride, NaH, may be prepared by heating sodium at about 
350°C in an atmosphere of dry hydrogen. As in the case of lithium 
hydride, sodium hydride reacts with water forming sodium hydroxide and 
liberating hydrogen; and also when fused and electrolyzed it gives 
hydrogen at the anode. 

NaH ^ Na+ + H' 

Sodium hydride combines with carbon dioxide to form sodium formate, 
as follows— 

NaH + C0 2 = H . COONa 

Oxides of Sodium. Sodium forms two oxides, viz.— 

Sodium monoxide, Na a O; and 
Sodium peroxide, Na 2 6 2 

Sodium Monoxide is formed together with the peroxide when sodium is 
heated in air or in oxygen. Since it is difficult to obtain pure sodium 
monoxide in this way, it is more satisfactory to heat sodium azide with 
either sodium nitrate or nitrite. The reaction involved is as follows— 

3NaN 3 + NaN0 2 = 2Na 2 0 + 5N 2 

Sodium monoxide is a white solid which reacts with water to form 
sodium hydroxide, as follows— 

Na 2 0 + H 2 0 = 2NaOH 
It is thus a normal basic oxide. 

Sodium Peroxide is manufactured on a commercial scale by passing an 
excess of air, free from moisture and carbon dioxide, over sodium contained 
in aluminium trays placed in iron tubes and maintained at a temperature 
of approximately 300°C. The trays are slowly moved in the opposite 
direction to the air current. In this way the reaction is kept under control, 
otherwise there would be the risk of melting the aluminium trays. The 
reaction involved is— 

2Na + 0 2 = Na 2 0 2 

When freshly prepared, commercial sodium peroxide exhibits a slight 
yellow colour, but on exposure to the atmosphere it becomes white, 
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owing to the formation of a superficial layer of sodium hydroxide and 

carbonate. Pure sodium peroxide however is white in colour. 

An important use for sodium hydride is in connexion with the descaling 

of metals. This “sodium hydride process” may be applied to all metals 

except those with low melting points, and the metals zinc, aluminium and 

tin, and their alloys, which are attacked by caustic soda. Sodium hydride is 

not supplied as such to the descaling plant, but is generated in the plant by 

a reaction between hydrogen, in the form of cracked ammonia, and 

metallic sodium. About 2 per cent sodium hydride is present in the bath 

of fused caustic soda. In use the work is immersed in the caustic soda- 

sodium hydride bath maintained at a temperature of 350-370°C After 

allowing the work to attain the temperature of the bath it is then taken out 

allowed to drain, and quenched in water. In this way the scale is readily 
removed. J 

Sodium peroxide is not decomposed by heating, being unlike most 
other peroxides in this respect. 

At atmospheric temperatures sodium peroxide reacts with water to 
lorm sodium hydroxide and liberate oxygen as follows— 

2Na 2 0. 2 + 2H,0 = 4NaOH -f 0 2 

If sodium peroxide is added to a mixture of water and ice, the following 
reaction occurs— & 

Na,0 2 + 2H 2 0 ^ 2NaOH + H 2 0 2 

This reaction is reversible since if hydrogen peroxide is added to an ice- 
cold, concentrated solution of sodium hydroxide, crystals of a hydrated 
sodium peroxide, Na 2 0 2 .8H 2 0, separate out. 

with" car bo rT monmci d e ^ F ° r exam P le ’ il combi "« 

Na 2 0 2 + CO = Na 2 C0 3 

It also reacts with carbon dioxide in the following manner— 

Na 2 0 2 + C0 2 = 2Na.,COj + 0 2 

» is M ,phMeS 

2FeS 2 + 1 5Na 2 0 2 = 4Na 2 S0 4 + Fe,0 3 + 1 1 Na 2 0 

of sulphur 

--5T XSZS.’SS- JSZT”* oxidi “ 

salt. 301 S ’ S ° d,urn peroxide reacts to for m the corresponding sodium 
Uses of Sodium Peroxide. Sodium peroxide is employed not only for 
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analytical purposes such as those described above, but also for the bleach¬ 
ing of textiles, for the production of sodium perborate, calcium peroxide, 
and for the synthesis of dyes and other organic compounds. 

It is also employed as a source of oxygen and absorbent of carbon 
dioxide in confined spaces; in this connexion it is often employed under 
the commercial name of “Oxone.” 

Sodium Hydroxide (Caustic Soda), NaOH. Sodium hydroxide is one 
of the most important of all industrial chemicals. On a commercial scale 
it is prepared by one of two methods; these are— 

(a) the electrolysis of brine solution, and 

( b ) the action of milk of lime on sodium carbonate solution. 


Chlorine 

out 


Saturated brine 
+ ve ,n \ 



Sodium amalgam out - ve 


Fig. 155. Castner-Kellner Cell for the Electrolytic 
Production of Sodium Hydroxide 


Electrolysis of Brine Solutions 

Electrolytic cells for the production of sodium hydroxide are of two 
types— 

(1) Mercury cathode cells. 

(2) Diaphragm cells. 

The Castner-Kellner cell is an example of a mercury cathode cell; its 
construction is shown in Fig. 155. A saturated solution of brine is run 
into a large rectangular tank made of slate, 4 ft long, 4 ft wide, and 
6 in. deep, along the slightly sloping floor of which flows a thin film o 
mercury. This mercury film serves as the cathode of the cell, whilst 
a number of graphite plates constitute the anode. Resulting from electro¬ 
lysis, chlorine is evolved at the anode and is led out of the cell throug a 
duct. The chlorine is then either used at once or dried and collected. At 
the cathode the sodium ions are discharged where they react with the 
mercury to form sodium amalgam. The amalgam flows down the oor 
of the cell and syphons out into a receiving tank containing water w here t^ e 
amalgam reacts to form sodium hydroxide solution and liberate hyc rogen. 
The hydrogen is collected and often caused to react with chlorine to orm 
hydrogen chloride. The spent brine leaving the cell is re-saturated wi i 
salt and returned to the cell. 
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Salt- solution 


The operation of a diaphragm cell is well illustrated by the Nelson type. 
This cell consists essentially of a vessel made of compressed asbestos B 
(Fig. 156). This vessel is covered with a steel gauze net C which serves as 
the cathode. The vessel B contains the brine to be electrolyzed, and also 
the carbon anode A. The brine in the cell is maintained at a constant level. 
The whole vessel is contained within an outer casing Z), through which 
steam is blown. In use, brine slowly soaks through the asbestos diaphragm 
inside which it undergoes electrolysis; chlorine ions migrate to the 
anode, whilst the sodium ions migrate towards the steel gauze cathode. 
On being discharged at the 
cathode the sodium reacts with 
the steam passing through the 
outer casing D to form sodium 
hydroxide solution and liberate 
hydrogen which is led off as in¬ 
dicated in Fig. 156. The sodium 
hydroxide solution is collected 
at the bottom of the outer casing 
from whence it is run off for 
concentration by evaporation. 

Mercury cathode cells have 
the advantage over diaphragm 
cells in that (a) they have a 
higher current efficiency, 10-15 
per cent higher, ( b ) a higher con- 


Spent solution 

C 



Steam 


Fig. 156. Nelson Cell for the Electrolytic 
Manufacture of Sodium Hydroxide 

centration of caustic liquor is possible, (c) the caustic liquor is pure and 

free from chloride, (d) the cells are smaller, and (e) hypochlorite formation 

attack of carbon anodes and the presence of impurities like carbon 

dioxide in the chlorine are reduced to a minimum. On the other hand 

cells which make use of a mercury cathode suffer from the high capital 
cost oi the mercury. ° r 

The Action of Milk of Lime on Sodium Carbonate Solution 

Sbontte •fh th , 0d ,' ’I ', hiS meth ° d a 10 P er “ nt solution of sodium 
carbonate is boiled with lime, when the following reaction occurs— 

Na 2 C0 3 + Ca(OH) 2 ^ CaC0 3 j + 2NaOH 

Calcium carbonate is precipitated as indicated above. 

or successful production Gossage’s method requires a source of chean 

afoTasX ° n r 0 ng r" y this P—. introduced about a « 
Hot ’ i th ^ y process for the production of caustic soda but at a later 

faw ^ ° yt '^ meth0dS to1116 fo-front since they employ brine as 
w material. However, with the advent of cheap sodium carbonate from 
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the Solvay process {see p. 432), Gossage's method has again assumed a 
dominant position. 

It should be noted that the reaction is reversible in nature, and working 
conditions have to be adjusted very carefully in order to obtain the 
highest efficiency. The temperature of the solution is raised to boiling 
point by blowing in steam, the caustication being conducted in large iron 
tanks having mechanical stirrers. After the reaction is complete, the cal¬ 
cium carbonate is allowed to settle and the clear liquor run off and con¬ 
centrated and, if desired, evaporated to dryness. The caustic soda is 
fused and either run into stick moulds, or kegs, or alternatively pelletted. 

Physical Properties of Sodium Hydroxide 

{a) Sodium hydroxide is a white crystalline solid. 

( b ) It melts easily (318’C) and may be cast into the form of sticks or 
pellets in which form it is often marketed. 

(c) Sodium hydroxide is readily soluble in water and its solution is 
accompanied by the evolution of considerable heat. It is only sparingly 
soluble in ethyl alcohol, however, and differs in this respect from potassium 
hydroxide. 

{d) Sodium hydroxide is very deliquescent, absorbing considerable 
moisture when exposed to the air. It also absorbs carbon dioxide to form 
sodium carbonate. 

Chemical Properties of Sodium Hydroxide 

{a) Sodium hydroxide is a very strong alkali. 

(b) It precipitates many metallic hydroxides from solutions of metallic 
salts, thus— 

CuSOj 4- 2NaOH = Cu(OH) 2 i + Na 2 S0 4 
FeCfj + 3NaOH - Fe(OH) 3 j + 3NaCI 

In certain cases, however, the metallic hydroxide dissolves in excess of 
sodium hydroxide solution, as in the following two examples— 

f ZnS0 4 + 2NaOH = Zn(OH) 2 j + Na 2 S0 4 

(I) ( Zn(OH) 2 + 2NaOH = Na 2 Zn0 2 + 2H 2 0 

sodium zincatc 

f A1C1 3 + 3NaOH Al(OH) 3 i + 3NaCl 

(II) ( Al(OH) 3 + NaOH - NaA10 2 + 2H 2 0 

sodium aluminate 

(r) Hot aqueous solutions of sodium hydroxide react with aluminium 
and with zinc forming their respective aluminates or zincates and liberating 
hydrogen. 

2A1 + 2NaOH + 2H.O = 2NaA10 2 -f 3H 2 t 

Zn + 2NaOH = Na 2 Zn0 2 -f H 2 f 
Fused sodium hydroxide will also attack most other metals. 
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(d) Sodium hydroxide saponifies fats to give alcohols and soaps (i.e. 

sodium salts of fatty acids). In equation form this may be written_ 

mf 

A fat —•- caustic soda = an alcohol -f- a soap 

or in more specific form, considering mutton fat which contains glyceryl 
stearate— b - ' 

CH 2 OOC . C 17 H ;j5 CH 2 . OH 

CHOOC . C 17 H 35 -f 3NaOH = CH . OH -f 3C 17 H ;J5 . COONa 

ri-I nor /- TJ I sodium slear atc (a soap) 

c H 2 OOC . C 17 H 35 CH.,. OH 

Glyceryl stearate (tristearin) glycerine 

(e) Either in aqueous solution or in the solid condition sodium hydroxide 

slowly attacks glass and porcelain. "yuroxioe 

(/) With elements occurring in Groups V to VII of the Periodic Classi¬ 
fication, sodium hydroxide reacts to give either the hydride or the sodium 

but no hydrogen is evolved - The 

4P + 3NaOH + 3H,0 = PH :i + 3NaH 2 P0 2 

4S + 6NaOH = 2Na 2 S + Na 2 S 2 0 : . + 3H..O 

Cl 2 + 2NaOH = NaCl + NaCIO + H 2 0 (in cold solution) 

3C1 2 + 6NaOH = 5NaCl + NaCIO, + 3H a O (in hot solution) 

it if ) teSrd d “cTu d sdc” a S a de r 0y ! “ Ving " is for this reason that 

h.ndSg „„d ° r ' a ‘ Sh “ IJ * "hen 

» s £re-of s sr I . h £oS. ls v** 

ilsiissaisi 

acid So/m •• BS?,* Which ““ -» with .alpha* 

» form a * coa, and limfston. 

The Le Blanc process how t h S ° dlU . rn Carbonatc was leached out. 
introduction of the Solvav or A mm "°e rendered obsolete by the 
therefore, on., „ dSS 
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The Solvay or Ammonia-Soda Process 

The principle of this process is that sodium bicarbonate is precipitated 
from a mixed solution of brine and ammonium carbonate saturated with 
carbon dioxide, and on subsequently heating the sodium bicarbonate the 
normal salt is obtained. 

The flow sheet for this process is given below— 



It is important to note that the success of the Solvay process depends 
upon the comparatively low solubility of sodium bicarbonate in water, 
particularly in the presence of excess carbon dioxide. 

When a concentrated solution of sodium chloride is saturated first with 
ammonia, and then with carbon dioxide, the ammonium carbonate first 
formed reacts with the sodium chloride to produce sodium carbonate. 
This, in turn, in the presence of excess carbon dioxide, reacts to form 
sodium bicarbonate which is precipitated. The reactions involved may 
be depicted thus— 

2NH 3 + co 2 + H 2 0 = (NH 4 ) 2 C0 3 
(NH4) 2 C0 3 + 2NaCl = Na 2 C0 3 4- 2NH 4 C1 
Na 2 C0 3 + C0 2 4- H 2 0 = 2NaHC0 3 I 

The actual manufacturing process is as follows. Brine is allowed to 
pass downwards through a scrubber (see Fig. 157) which consists of a 
number of compartments so constructed that the brine forms a layer in 
each compartment, running down pipes from one floor to the next lower 
floor, whilst ammonia passes upwards, under the domes or “mushroom 
baffles, through the brine and so on to the next higher floor. In this way 
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> hh 3 | 

t A t 


c 


m NH, 

'goi 


the concentrated ammonia meets the nearly-saturated brine whilst the 
exhausted ammonia encounters the unsaturated brine. Since this process 

Saturated brine saturat ' on with ammonia is exothermic it 
Excess nh 3 | fc is necessary to cool the ammoniacal brine by 

I j I passing over pipes which are cooled by caus- 

r ^ =Z ^ ing cold water to circulate through them. 

J [ The ammoniacal brine is then allowed to run 

1 u 7 down a carbonating tower 

Y—fj up which a stream of carbon «=—JI 

[—dioxide is allowed to pass. | a 

y s. [ The construction of the *= . ■ .. - 3 

n V V T carbonating tower is shown a 

in Fig. 158. The carbonat- * t==== =* 
ing tower is from 70-90 ft ^ A 

high and 5-7 ft diameter. e “ 3 

r S' N It is in this carbonating .SSS," 4 

T_ y V X - tower that sodium bicarbon- c * A 

^^ ate and ammonium chloride 

j r y ^ are formed, the former ^ c a 

£ ^ ^"7 being removed from the 

J ^^Tgai bottom of the tower in the a 

. f° rm of a fine suspension. R I fl 

m brine / 1 be reactions occurring in 8 c i3=§S, A 

\ / the carbonating tower are ' c * A 

J—L exothermic, and since the 

Fig. 157. Ammonia solubility of sodium bicar- c a 

Absorption Tower bonate increases with rising = 

temperature it is necessary A 

to cool the carbonating tower. In the initial stages the T^—f 

temperature is not allowed to rise above 30 c -40°C, but A 

in the final stages the temperature is maintained at TT1 , 
approximately 15 C in order to effect maximum separa- 
tion of sodium bicarbonate as a sludge. The sodium 1 c \ A 
bicai bonate is separated from the solution by filtration 
i otary filters often being employed for this purpose, and 
then on heating of the residue the normal salt, sodium 
carbonate, is obtained, as indicated by the following Fl °. 158 - 
equation— ° Carbonating 

2NaHCO :1 = Na 2 CO, + H 2 0 f + CO, f ^ 

^One'ofThe° h th ' S ca,cinatl0n is often known as soda ash. 

extent se f-contalned ?h f , S ° ,Vay P rOCeSS is that “ is <° a large 
the Trhnn T ' Thus ’ the l,mes,one which is calcined to provide 
he carbon dioxide necessary for the carbonation of the ammoniated brine 


Ammoniaca 

brine 


Fig. 157. Ammonia 
Absorption Tower 


CO, t 


Fig. 158. 
Carbonating 
Tower 
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Sutfontfh^fiit 7 ? iS 1“ tUrn> ° n reaction with the ammonium chloride 
solution (the filtrate after removal of the sodium bicarbonate), yields 

Sbrineifth° n fi ^ eatlng ' ThUS ’ the amm ° nia necessar >' for saturation of 
nlant ft, *? Stan “ ls > exce P‘ for working losses, kept within the 

k ’ l carbon dioxide evolved during the calcination of the 

nfp irft, b ^ carbonate to sodium carbonate is returned to the plant for 
use in the carbonating tower. r 

int The t CalC1Um u C u l0 y ide left after the re g ene ration of the ammonia by 
interaction with the lime is a waste product and although there are some 

commercial applications for this substance it tends to accumulate on the 

“sir £t ” f yP ‘ Cal US6S * nc l u de its application for the manufacture of 
mg or paper manufacture, and for inclusion in dust-laying materials 
on account of its deliquescent properties. 

Attempts have been made to merge the Solvay process with the Haber 
process; in this way no waste products are produced. A much simplified 
now sheet of the Solvay-Haber process is given below, the reactants of the 
Haber process being shown within the broken line. 


Water 


Salt 


Water gas 


Air 


Carbon 

dioxide 


Sodium bicarbonate 


Sodium 

carbonate 


1 Hydrogen Nitrogen 1 



Ammonia 


Ammonium chloride 


Carbon 

dioxide 


* 

Oxygen 


(a valuable 
I by-product) 


Other Sources of Sodium Carbonate. Sodium carbonate is also manu¬ 
factured electrolytically, particularly in the U.S.A. Sodium chloride is 
electrolyzed in a cell of the diaphragm type (see p. 429) so forming caustic 
soda solution and liberating hydrogen and chlorine. Carbon dioxide is 
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bubbled through the solution thus forming sodium carbonate, which is 
obtained by crystallization. 

It should also be recalled that the naturally occurring deposits of sodium 
carbonate occurring in East Africa and in Wyoming (U.S.A.) constitute 
valuable sources of supply. 

Physical Properties of Sodium Carbonate 

(a) Anhydrous sodium carbonate is a white powder. 

(b) The salt dissolves readily in water and forms a series of hydrates 
containing one, seven or ten molecules of water of crystallization 
respectively. Details of these hydrates are given below in Table 78. 


Table 78 


Hydrates of Sodium Carbonate 


Formula of 
Hydrate 

Name of 
Hydrate 

Commercial 

Name 

Range of 
Stability 

Na 2 C0 3 . 
Na 2 C0 3 .H 2 0 . 

Na 2 C0 3 .7H 2 0 . . j 

Na 2 CO 3 .10H 2 O . 

Monohydrate 

Heptahydrate 

Decahydrate 

1 

Soda ash 

Crystal carbonate 

Washing soda 

Above 35-4 J C 
320°-35*4°C 
21°-32 0°C 


Crystal carbonate is obtained by evaporation from the hot solution, 
whilst evaporation of the solution below approximately 32°C produces 
the decahydrate. Anhydrous sodium carbonate may be prepared by 
heating any of the hydrates or sodium bicarbonate. The anhydrous salt 
is deliquescent, taking up water to form the monohydrate. 


Chemical Properties of Sodium Carbonate 

(a) When heated, sodium carbonate melts but does 
position. 


not suffer decom- 


thus— n aC * UeOUS solution the salt undergoes hydrolysis (see p. 318) 


Na 2 C0 3 ^ Na+ + C0 3 " 

H 2 0 ^ + OH' 

H 2 C0 3 ^ 2H+ + C0 3 " 

P US ’ Progressive removal of the H+ ions by the C0 3 " ions to form 
n h '“ y dissociated carbonic acid leaves a preponderance of OH' 
ions in the solution, which thus reacts alkaline to indicators. 
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(V) On exposure to air, aqueous solutions of sodium carbonate absorb 
carbon dioxide with the formation of sodium bicarbonate, thus— 

Na 2 C0 3 + C0 2 + H 2 0 = 2NaHC0 3 

(d) If a mixture of sodium carbonate and a salt of a metal less electro¬ 
positive than sodium are heated, a reaction occurs of which the following 
is typical— 

Na 2 C0 3 + CuS0 4 ^ Na 2 S0 4 + CuC0 3 

The carbonate thus produced is then decomposed in the following 
manner— 

CuC0 3 = CuO + C0 2 f 

It is to be noted that the equilibrium between the carbonates and sul¬ 
phates is moved to the right, with the result that the metallic salt is 
quantitatively converted into the oxide. This reaction is frequently 
employed in chemical analysis with the object of “opening up” for 
analysis metallic salts which are insoluble in water. 

Sometimes a mixture of sodium carbonate and potassium carbonate 
in equimolecular proportions is employed for this purpose; the mixture 
of these two carbonates has the advantage over sodium carbonate when 
used alone in that the mixture melts at a lower temperature, i.e. 690°C, 
against the higher melting point of 851 C for sodium carbonate. 

Uses of Sodium Carbonate. Sodium carbonate, in the form of soda ash, 
is used in large quantities for the softening of hard water (see p. 511). It 
is also employed in the manufacture of glass, water glass, borax, and 
caustic soda by Gossage's method. Sodium carbonate is also the raw 
material used for the manufacture of many other sodium compounds. In 
addition sodium carbonate is a constituent of many proprietary soap 
powders used for washing clothes. 

An important use for sodium carbonate in the form of soda ash is in 
connexion with the refining of iron and steel, particularly with reference 
to desulphurization and dephosphorization. For desulphurization the 
molten metal is tapped into a ladle and granular soda ash thrown in; the 
proportion of soda ash varies from 0-5 to 2-0 per cent of the weight of 
metal undergoing treatment. Sufficient time is allowed for the desulphuriz¬ 
ing reactions to occur and then as much of the soda slag as possible 
removed by skimming and careful tilting of the ladle. The reactions 
occurring are as follows— 

Na. 2 C0 3 -> Na,0 + CO, t • • • 

Reaction (a) occurs by virtue of dissociation at the high temperatures 
which obtain. 
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The actual removal of the sulphur is then effected according to reactions 
(b) and (c)~ 5 


Na,0 


NaXO, + Na.,S 


MnS 

MnO 

^ FeS ~ 

FeO U Na 2 S ‘ ^ 

MnO 

Mn 

' FeO = 

Fe -f SO, + CO -f 2Na.,0 . (c) 


Some measure of dephosphorization is also obtained by treatment with 
soda ash in the amounts normally employed for desulphurization, but 
increased dephosphorization can be obtained by the use of a mixture of 
iron oxide (mill scale) and soda ash. 

Sodium Bicarbonate, NaHC0 3 . Sodium bicarbonate is manufactured 
Irom the crude salt obtained as a sludge in the carbonating towers of the 
bolvay process. This crude material is purified, by washing with water to 
remove sodium chloride and ammonium salts, and then dissolved in 
water. This solution is then heated by steam coils in order to expel 
ammonia and carbon dioxide. After filtration the solution is treated 

W <T C aa 0T \ dl0Xlde and the precipitated sodium bicarbonate filtered 
on and dried. 


Physical Properties of Sodium Bicarbonate 

(a) Sodium bicarbonate occurs in the form of small white crystals. 

onlv Q a n/fil 1 IS soluble in water ; for example, at 15°C, 

y S ^ the salt will dissolve in 100 g of water. 

Chemical Properties of Sodium Bicarbonate 

(a) Sodium bicarbonate in aqueous solution is slightly alkaline in 
reaction owing to hydrolysis, thus— 8 y Une ln 

NaHC0 3 ^ Na+ + HC0 3 ' 

H 2 0 ^ H+ + OH' 
h 2 co 3 ^ H+ + HCO a ' 

cion '££ . a s q ?„““ ° f SOdi “” “oocbonnco * heated decomposi- 

2NaHC0 3 = Na 2 C0 3 + H 2 0 + C0 2 
of Stag ™r re Bi h“~Te' „™ ! S‘ ? » «* manufacture 

purposes, , 0 ,3R SSS5HCKB?" for 
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Sodium Sesquicarbonate, Na 2 C0 3 . NaHC0 3 .2H.O. This compound 
is a white crystalline solid formed by allowing a solution containing 
equimolecular proportions of sodium carbonate and sodium bicarbonate 
to crystallize above 35°C. Sodium sesquicarbonate is sometimes known 
commercially as “concentrated soda crystals.” 

This compound is neither deliquescent nor efflorescent and is freely 
soluble in water. In aqueous solution its reactions are similar to those 
given by a mixed solution of sodium carbonate and sodium bicarbonate. 
It finds extensive application for w'ool scouring. 

Sodium Chloride (common salt), NaCI. As stated earlier sodium chloride 
occurs widely in nature both in the solid state as well as in solution. In 
the solid state the crystals are colourless and cubic w ; hen pure but often 
naturally occurring specimens are tinted because of the presence of 
impurities. 


The Salt Industry 

Sodium chloride is the basic raw material employed for the manufacture 
of a large number of compounds such as caustic soda, sodium carbonate, 
sodium sulphate, sodium phosphates, sodium chlorate and hypochlorite, 
elemental sodium and hydrochloric acid. In addition practically all the 
world's supply of chlorine is obtained from sodium chloride. It is therefore 
understandable that the salt industry assumes considerable importance 
in all parts of the world. 

Salt is obtained in the following three ways. 

(«) By the evaporation of sea w ater or salt lake water, or by the evapora¬ 
tion and crystallization of brines pumped from wells. 

( b ) By the mining of rock salt. 

(c) Directly from sea water. 

In Great Britain the majority of the salt of commerce is obtained by 
the evaporation of brine, either that occurring naturally or that prepared 
by pumping water into deposits of rock salt. In the U.S.A. over half the 
salt used is obtained by solar evaporation, a large proportion of which 
comes from the San Fransisco Bay region and the Great Salt Lake of 
Utah. The purity of salt obtained from rock salt deposits and from 
brines often runs as high as 99-5 per cent, but the purity of the salt first 
obtained by the evaporation of salt water is usually about 95 per cent. 

Various types of salt are distinguished. For example, “lump salt ’ is 
made by boiling down brine in salt pans; rapid evaporation is carried 
out at 107-7'C (i.e. the boiling point of the solution), and the fine salt 
which separates is raked to the sides of the pan. Every eight to twelve 
hours salt is withdrawn from the salt pans, placed in wooden moulds and 
cooled until the mother liquors crystallize, so binding the whole lump 
together. 

“Table salt” is manufactured either by grinding lump salt, or by 
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draining the separated fine crystals. To prevent deliquescence in use 
caused by the presence of magnesium chloride, a small amount of sodium 
phosphate is added which forms the non-deliquescent magnesium phos¬ 
phate by double decomposition; or alternatively small quantities (3 per 

cent) of bran are added to absorb the moisture due to the deliquescing 
magnesium chloride. ^ b 

Fishery salt and “Manufacturers’ salt” are coarse-grained salts 

formed by slow evaporation of the brine at 30°-60°C. The addition of 

small amounts of alum favours the production of large crystals. “Bay 

salt is a very coarse-grained salt produced by very slow evaporation of 
the brine at 40 -50 C. 

Pure sodium chloride may be prepared in the laboratory by passing 

hydrogen chloride gas through a saturated solution of the impure salt 

In this way the concentration of the Cl' ion is greatly increased so that 

by reason of the common ion effect {see p. 336) pure sodium chloride is 
precipitated, the impurities being left in solution. 


Physical Properties of Sodium Chloride 

(o) Sodium chloride is a transparent crystalline solid occurring in the 

Siw u o‘r P or ,ir hedr *' 11 po! ” sses a sim >* ““ £ 

tio ( nNaa eltS 801 ° C ’ and b ° ilS at 149 °° C ’ itS Va P° ur having ‘he constitu¬ 
ent Ch i^ ide dissolves in water with absorption of heat Its 

solubilities from 0 C to its boiling point at 107-7°C are given below. 


Table 79 

Vancion wi ,h Temperature of the Solubility of Sodium Chloride 


Temperature 

(°C) 

Solubility 

(g NaCl/100 g water) 

00 

35-63 

100 

35-69 

20-0 1 

35-82 

400 

36-32 

60-0 

37-06 

80-0 

38-00 

1000 

39-12 

107-7 

39-65 


Sodium chloride exists in human blood to the extent of 2-5 per cent 

15 —(U447) 1 
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Chemical Properties of Sodium Chloride 

{a) Pure sodium chloride is unchanged on exposure to the atmosphere, 

although impure specimens containing magnesium chloride are hygro¬ 
scopic. 

(b) The aqueous solution of sodium chloride is neutral to indicators, 
since it contains only sodium and chlorine ions by virtue of the electrolytic 
dissociation which the solute undergoes. 

(c) Electrolysis of the aqueous solution gives rise to the evolution of 
chlorine at the anode and hydrogen at the cathode; in addition a high 
concentiation of hydroxyl ions is also produced in the region of the 
cathode. Under suitable conditions the electrolysis of such aqueous 
solutions is employed for the manufacture of sodium hydroxide, sodium 
carbonate, sodium hypochlorite and sodium chlorate. 

Electrolysis of the fused salt yields chlorine at the anode and elemental 
sodium at the cathode. 

Uses of Sodium Chloride. Probably the most important use for sodium 
chloride is as an essential part of the human diet. It is also employed for 
the seasoning of foods. 

Salt also finds important application in the “salt-glazing" of earthen¬ 
ware articles. For this purpose salt is thrown into the furnace in which 
the earthenware articles are being fired; the salt reacts with the silica in 
the clay to form a fusible sodium silicate which, on cooling, forms a hard, 
lustrous surface on the article, the chemical reaction involved being as 
follows— 

2NaCl + Si0 2 + H 2 0 = Na 2 Si0 3 + 2HC1 

Silica, 
in the clay 

Other important uses for sodium chloride include its application in 
the manufacture of sodium compounds by electrolytic methods as described 
above, in the manufacture of hydrochloric acid and chlorine in soap 
manufacture and the manufacture of sodium by Down's process. 

Sulphur Compounds of Sodium 

Sodium Sulphide, Na 2 S. In the laboratory, sodium sulphide may be 
prepared by passing hydrogen sulphide through a solution of sodium 
hydroxide, the reactions involved being as follows— 

(a) NaOH + H.S = NaHS + H 2 0 

(b) NaHS + NaOH = Na,S + H 2 0 

On a commercial scale, sodium sulphide is made by heating salt cake 
(crude sodium sulphate) with coal, thus— 

Na 2 S0 4 H- 2C = Na 2 S + 2C0 2 
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Sodium sulphide is extracted from the mass by leaching out with water 
and the resulting solution evaporated to give Na 2 S . 9H,0. 

Sodium sulphide finds application in the dyestuffs industry for the 

manufacture ot sulphide dyes, in the extraction of silver and in the tanning 
industries. 

Sodium Bisulphite (Sodium Hydrogen Sulphite), NaHS0 3 . Sodium 

bisulphite is made by saturating a solution of caustic soda with sulphur 
dioxide, thus— 

NaOH + SO, = NaHSOj 

On crystallizing, sodium metabisulphite is produced— 

2NaHSO :J = Na,S,0 5 + H,0 

Sodium metabisulphite forms the bisulphite again on being dissolved in 
water. 

Sodium bisulphite is used in large quantities in the manufacture of 

paper, as an antichlor and disinfectant, and as a constituent of acid 
fixing solution used in photography. 

Sodium Sulphite, Na 2 S0 3 . The normal salt, sodium sulphite, is made by 
adding an equivalent quantity of sodium hydroxide to a solution of sodium 
bisulphate. The reaction involved is as follows— 


NaHS0 3 + NaOH = Na,S0 3 + H,0 

On a large scale this compound is prepared by passing sulphur dioxide 
over crystals of washing soda— 

Na 2 CO a . 10H,O SO, = Na 2 S0 3 + CO, -f 10H.O 
Sodium Bisulphate (Sodium Hydrogen Sulphate), NaHSO,. Sodium 

hea U tL P H h l; e .h S Tt 6 ° n “ ' a , rSe SCalC by thC UblanC P rOCeSS in which salt ^ 

neatea with sulphuric acid. 

NaCl + H 2 S0 4 = NaHSO., + HC1 

of 1 thp S mn ma f UfaCtUre f UndCr the name of “ ni,re cake ” as a by-product 
sulphurk acW- 6 aCid When sodium nitrate is heat ^ with 

NaNO a + H 2 SO.j = NaHS0 4 4 - HN0 3 

-‘'“-poses will. ih. formation of 


2NaHS0 4 = Na 2 S 2 0 7 + H..O 

aimed- heat ’ S ° dium Sul P hat0 and sul P har trioxide 

Na 2 S 2 0, = Na 2 S0 4 + SO, 
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Sodium bisulphate may be used as a substitute for sulphuric acid as it 
contains a replaceable hydrogen atom; in this connexion it finds applica¬ 
tion for the pickling of rolled mild steel plates prior to hot tinning, and for 
the production of carbon dioxide from naturally occurring carbonates 
such as limestone and dolomite. In the laboratory, sodium bisulphate is 
used in chemical analysis for opening up refractory minerals. 



Sodium Sulphate (Salt Cake), Na 2 S0 4 . Sodium sulphate is manu¬ 
factured by the Leblanc process. Sulphuric acid reacts with salt in two 
stages as follows— 

(a) NaCl + H 2 S0 4 = NaHS0 4 + HC1 

(b) NaCl + NaHS0 4 = Na 2 S0 4 + HC1 

Sodium sulphate is readily soluble in water, the form of the solubility 
curve being shown in Fig. 159. Below 32*5°C, the salt crystallizes in the 
form of large monoclinic prisms as the decahydrate, Na2S0 4 .10H 2 O, 
which is known as “Glauber's salt." Sodium sulphate readily exhibits 
the phenomenon of supersaturation (see p. 134). Thus if a hot, concen¬ 
trated solution of this salt is allowed to cool to the temperature of the 
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atmosphere without the admission of dust or forcing matter and without 
disturbance, no crystals will be formed; but if a crystal of the decahydrate 
then be dropped into the supersaturated solution there will be an immediate 

crystallization with the evolution of considerable heat. If the supersaturated 

solution is cooled to 5°C, the crystals which separate are those of the 
heptahydrate, Na 2 S0 4 . 7H..O. 

Sodium sulphate in the anhydrous condition is employed in the manu¬ 
facture of glass. It also has medicinal uses, and constitutes a source of 
sodium sulphide. 

Sodium Thiosulphate (Photographic Hypo) Na„S,0... Sodium thio- 
su phate is made on a large scale from “alkali waste,”' that is, calcium 
sulphide CaS. When air is blown through a suspension of the sulphide in 
water calcium thiosulphate is formed and on reaction with either sodium 
carbonate or sodium sulphate, sodium thiosulphate is produced, which 

iT"precipitated Utl ° n ^ either calcium carb °nate or calcium sulphate 

CaS 2 O s + Na 2 S0 4 = CaC0 3 j + Na 2 S 2 0 ;J 
CaS 2 0 3 + Na.,C0 3 = CaS0 4 \ + Na.,S,0. f 

deposit"™! s u h 5T“ “ dS » precipitated 

Na 2 S 2 0 ; , -f 2HC1 = 2NaCl -f H 2 0 -f SO, f -\- S i 
This reaction should be compared with the following— 

Na 2 SO^ --- 2HC1 = 2NaCl + H.,0 j SO., f 

tt'li"s!!?S' ° f ,WOS “ lph "“ 

th Sod,um thiosulphate reacts with iodine to give sodium tetrathionate, 

2Na 2 S 2 0 3 + I 2 = 2NaI + Na 2 SjO G 

"« of those 

” ny ”" s which w inso " ,ble in 
Na.S 2 0 3 + AgCl = Na[AgS 2 0 3 ] + NaCl 
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Nitrogen Compounds of Sodium 

Sodium Nitrate (Chile Saltpetre or Caliche), NaNO a . Immense deposits 
of crude sodium nitrate are found in the desert regions on the borders of 
Chile and Peru. This crude caliche contains approximately 65 per cent 
sodium nitrate, 2-15 per cent potassium nitrate, up to 20 per cent of 
sodium chloride and smaller amounts of sodium iodate, sodium chlorate, 
sodium perchlorate and gypsum. 

The caliche is crushed and then dissolved in water. The clear liquor is 
run off and allowed to stand for several days during which time most of the 
nitrate is deposited. The mother liquor is then worked up for its iodine 
content. 

Sodium nitrate is a white, crystalline solid which is very soluble in 
water. When heated, the salt melts at 316°C, and at high temperatures it 
decomposes, forming sodium nitrite and liberating oxygen, thus— 

2NaN0 3 = 2NaNO z + 0 2 

Sodium nitrate is used as a fertilizer and in the manufacture of potassium 
nitrate and sodium nitrite. 

Sodium Nitrite, NaNO >2 . Sodium nitrite may be made either by heating 
sodium nitrate, as described above, or alternatively by heating sodium 
nitrate with lead, when the following reaction occurs— 

NaN0 3 + Pb = NaN0 2 + PbO 

The sodium nitrite is extracted by leaching out with water, the litharge 
being left behind as an insoluble sludge. 

The chief use of this compound is in the manufacture of azo dyestuffs. 


POTASSIUM 

Occurrence. Potassium is much too reactive to occur free in nature. 
It is however widely distributed in the earth's crust; the chief forms in 
which it occurs are detailed below. 


Felspars and Related Minerals. The chief of these minerals are— 
Orthoclase felspar K 2 0 . A1 2 0 3 .6Si0 2 

Leucite K 2 0 . A1>0 3 .2Si0 2 

Muscovite or potash mica 2H 2 0 . K 2 0.2A1 2 0 3 .6Si0 2 

On weathering, these igneous rocks give the carbonate which, being 
soluble in water, is leached out by rain and spring water. This potassium 
carbonate reacts with complex minerals such as the zeolites in a manner 
of which the following is typical— 


Na 2 0 . A1 2 0 3 .3Si0 2 .2H„0 + K 2 CO a = 

K 2 0 . A1 2 0 :1 . 3Si0 2 . 2H..O + Na 2 C0 3 
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The potassium is therefore largely retained in the soil, and it is because 
of this fact that potassium salts constitute a smaller proportion of the total 
solids found in ake and sea waters than those of sodium. 

Salt Deposits. The intensive evaporation of vast inland seas in pre¬ 
historic times has led to the formation ol salt deposits \\ hich contain potas¬ 
sium salts along with salts of other metals. The most important deposit of 
this kind is that of Stassfurt in Germany, and in this deposit the most im¬ 
portant potassium compound is carnallite , KC1 . MgC'l, . 6H.O; other 
potassium minerals found in the Stassfurt salt deposits "include kainite, 

KC1. MgS0 4 .2CaS0 4 .2H a O, polyhalite, K 2 S0 4 . MgSO, . 2CaSO, . 2H.,0 
and sylvine , KC1. 

Another potassium mineral occurring in the form of a salt deposit 

is ahmite, K 2 0.3A1 2 0 :) . 4SiO :i . 6H 2 0, which is found in scams and 

pockets in widely separated localities from New South Wales to Nevada 
and Italy. 

Nitre, KNO ;{ , occurs in the Chilean deposits of caliche. 

Sea Water. Sea water contains about 0 04 per cent of potassium salts 

and the recovery of such salts supplies a small proportion of the potash 

production. In a similar way the waters of salt lakes such as the Dead Sea 

and Searles Lake in California have been worked in recent years for potas¬ 
sium salts, etc. 1 

The mineral glauconite , a hydrated silicate of iron and potassium 

originally deposited on the beds of prehistoric oceans and now found 

extensively in the chalk marl and greensand of the cretacious rocks in 

hngland and elsewhere, has also been worked on a small scale for its 
potash content. 

Organic Potassium Compounds. All plants contain a certain proportion 
of potassium derived originally from the soil. The potassium occurs in the 
slants in the form of potassium salts of organic acids. Thus, potassium 
hydrogen tartrate, KHC 4 H 4 O 0 . occurs as “argol” or “cream of tartar ’ ,n 

sorrd Tha’tnm P °‘ aSS1Um h y dr °g en oblate, KHC 2 0.„ in rhubarb and 
sorreh That potassium compounds are present in plants is demonstrated 

by the fact that plant ashes consist to a J g e extent Sr potas^lTrboSe 

Extraction ol Potassium. Potassium is extracted by electrolytic methods 
similar to those employed for the extraction of sodium (see p 4?2) In 
genera the Downs’s process is to be preferred owing to the comparadve v 
high solubility of metallic potassium in fused caustic potash. ° mpardtlVe 'y 

Properties of Potassium. Potassium is very similar in properties to 
sodium, except that in chemical reactions it usually reacts in a more 
violent manner. Thus, potassium exhibits a very great affinity for -he 
electronegative elements such as the halogens, oxygen and sulphur It 
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In a similar manner to sodium, potassium forms potassamide, KNH 2 , 

when heated in gaseous ammonia and dissolves in liquid ammonia to 

form a blue colloidal solution. It also dissolves in mercury to form 
potassium amalgam. 

When heated in air, potassium burns and ultimately forms potassium 
tetroxide, K 2 0 4 . 

Lses of Potassium. Potassium is not so widely used in industry as is 
sodium. It is used, however, in small quantities, for the manufacture of 
certain types of photocells. 

Compounds of Potassium 

Potassium Hydroxide (Caustic Potash), KOH. Potassium hydroxide is 
made by methods similar to those employed for preparing caustic soda. In 
its physical and chemical properties caustic potash closely resembles 
caustic soda. Its solubility bot i in water and in ethyl alcohol however 
is higher than that of caustic soda. In addition potassium hydroxide is 
more hygroscopic than sodium hydroxide, and further, in the case of the 
former compound, no incrustation of dry carbonate forms on the surface 
after exposure to the atmosphere since potassium carbonate is soluble in 
concentrated potassium hydroxide solution. These facts make for the 
utilization of caustic potash as an absorbent for carbon dioxide in prefer¬ 
ence to sodium hydroxide. 

Uses of Potassium Hydroxide. In addition to the utilization of potassium 
hydroxide solution in the laboratory as an absorbent for carbon dioxide, 
it also finds application for the manufacture of soft soap—a mixture of 
potassium oleate, stearate and palmitate. Caustic soda is used for the 
making of hard soap, composed of the corresponding sodium salts of the 
fatty acid radicals just quoted. 

Potassium Carbonate (Potash or Pearl Ash) K 2 C0 3 . Potassium carbonate 
was formerly obtained from wood ashes which were leached with water and 
the crude potassium carbonate obtained by evaporation of the resulting 
solution in large pots (hence the term “pot-ash")- On recrystallization a 
purer product may be obtained which possesses a pearly appearance 
(hence the term “pearl ash”). 

The Magnesia Process. At the present time the majority of the potassium 
carbonate of commerce is made by “Precht's process" or the “Magnesia 
process.” It should be noted that the Solvay process cannot be used since 
potassium bicarbonate is much more soluble in water than is sodium 
bicarbonate and the former would not separate out as a sludge in the 

carbonating towers as does sodium bicarbonate. 

The success of the Magnesia process depends upon the comparative 
insolubility of the double carbonate of potassium and magnesium, 

K HC0 3 . MgCO ;5 .4H.,0. 

In the Magnesia process carbon dioxide is passed through a suspension 
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°f hydrated ma gn esium carbonate in a concentrated solution of potassium 
chloride, when the insoluble double carbonate is precipitated thus_ 

3[MgC0 3 .3H 2 0] + 2K.C1 + C0 2 = 2[KHC0 3 . MgC0 3 . 4H 2 0] j + MgCl 2 

The double carbonate is filtered off from the solution and then either 
treated with water under pressure when the following reaction occurs— 

2KHCO, . MgC0 3 .4H 2 0 = 2MgC0 3 4 + K 2 C0 3 + 9H 2 0 + C0 2 

or alternatively the precipitate is treated with a suspension of magnesium 
ox.de in water below 20°C, when the following reaction takes plate- 


2KHC0 3 . MgCO a . 4H 2 0 + MgO == 2MgC0 3 .3H 2 0 


K,CO. 


J" e ' thcr cass , the h y drate d magnesium carbonate is filtered off and the 
potassium carbonate crystallized from the filtrate. Since sodium carbonate 
does not form a double carbonate with magnesium carbonate under the 
conditions which obtain, there is no contamination of the resulting 
potassium carbonate with the corresponding sodium salt. resultln g 

In the laboratory pure potassium carbonate may be obtained either hv 
heating potassium bicarbonate— ouia.nea either by 

2KHC0 2 = K 2 C0 3 + H 2 0 + CO, 

or alternatively, by heating potassium hydrogen tartrate in the air- 

2KHC 4 H,O g + 50 2 = K 2 C0 3 + 5H 2 0 + 7CO, 

Properties of Potassium Carbonate. Potassium carbonate is a whit* 

Kir. “5r*»<“« S gir 

ma U nuflcmre P °ofh^ e !ass rb in a tt 1 °^ is used ‘he 

stuffs industry and as the starting materia?for foe?? S ° aP: *" the dye ' 
potassium compounds b 1 ° f l ^ e P re P aratl °n of many 

by^Sg bi “ r6 “ a “ “ — ** 
smn, carbonate, or alternatively by paai^Twb^H'° f P °“ S ' 

potassium carbonate. In the former Le th! , n dl0x,de ° Ver moist 
cipitate which is then filtered nfr \ a sa 1 se P arates out as a pre- 

is dried on a porous ^ the ,at£er case ‘he product 

carbonate under foe same condkfom * The ^ ?°' ubIe as sod mm 

bicarbonate is strong,y ° f '’° ta ™ 
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Potassium Chloride, KCI. Potassium chloride occurs naturally as 
sylvine, and this source of supply is augmented by extracting it from 
carnallite. It is extracted from this latter mineral by dissolving it in water 
and then chilling the solution, when the potassium chloride separates out 
leaving the magnesium chloride in solution. The mother liquor remaining 
behind after the removal of the potassium chloride is used again for 
treating a further quantity of carnallite. 

In very many ways potassium chloride is similar to sodium chloride. 
In spite of these chemical similarities, however, these two chlorides are 
different in their physiological action, thus potassium chloride cannot be 
substituted for sodium chloride in the human diet. 

Potassium chloride is used extensively as a fertilizer and as a raw 
material for the manufacture of other potassium compounds. 

Potassium Bromide, KBr. On a large scale potassium bromide is made 
by acting on iron borings with bromine so forming iron bromide, thus— 

4Br 2 + 3Fe = Fe 3 Br 8 

This ferroso-ferric bromide is then caused to react with an aqueous 
solution of potassium carbonate when ferrous and ferric hydroxides are 
precipitated and potassium bromide remains in solution, thus— 

Fe 3 Br 8 + 4K 2 C0 3 + 4H.,0 

= 8KBr + 2Fe(OH) 3 j + Fe(OH) 2 j + 4C0 2 

The solution of potassium bromide is filtered off and the salt crystallized 
out. 

Alternatively potassium bromide may be prepared by the action of 
bromine on heated potassium hydroxide solution. The following reaction 
occurs— 

6KOH + 3Br 2 = 5KBr + KBr0 3 + 3H 2 0 

The solution of potassium bromide and potassium bromate is evaporated 
to dryness and the potassium bromate reduced to the bromide by heating 
the residue with charcoal when the following reaction occurs— 

2KBrO a +3 C = 2KBr + 3C0 2 

Potassium bromide occurs in the form of transparent crystals exhibiting 

a cubic form; it is very soluble in water. 

Potassium bromide finds application in photography and also for 

medicinal purposes. 

Potassium Iodide, KI. Potassium iodide is prepared from potassium 
carbonate and ferroso-ferric iodide by methods closely parallel to those 
employed for the manufacture of potassium bromide. Similarly it may 
also be prepared by the action of iodine on hot concentrated potassium 

carbonate solution. 
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Properties of Potassium Iodide 

(«) An aqueous solution of potassium iodide dissolves iodine forming 
potassium tri-iodide, KI 3 , in the process. This solution of potassium tri- 
iodide in water gives all the reactions of free, elemental iodine and for the 

purposes of practical chemistry may be regarded as a simple solution of 
the element in potassium iodide solution. 

(/>) Potassium iodide reacts with many metallic salts to form insoluble 
iodide, thus— 

2CuSO, + 4KT = Cu,I, l + 1, j + 2KoSO., 

This particular reaction forms the basis for the determination of the 
copper content of copper-base alloys, etc., since one gramme atomic 
weight of iodine is liberated by each gramme atomic weight of Conner- 
the amount of iodine is capable of ready determination by titration with 
sodium thiosulphate solution, the end-point being shown by the removal of 
the blue colour which iodine gives on reaction with starch. The reaction 
involved in the sodium thiosulphate titration is as follows_ 

2Na 2 S,0 :i + I 2 = Na.SjO,; + 2NaI 

mercuricTochde— ^“b' 6 ° f pred P itation from its ^ous solutions is 

HgCl, + 2KI = Hgf, l + 2KC1 

With excess of potassium iodide, however, the mercuric iodide dissolves 
to form a complex potassium mercuri-iodide, as follows— 

Hgl;! + 2KI = K 2 [HgI,] 

v, S0 ! utl0n , °f potassium mercuri-iodide rendered strongly alkaline 
with sodium hydroxide is known as Nessler's solution. The presence of a 

tht7ol“K 0 W amm ° niUm $ait ’ Pr ° dUCeS 3 > e,,OW sokltion of 


O 




Hg—NH, 


Hg—i 

Xh f :, P T h r ° f 3 la '' S ?’ amount of ammonia produces a brown precipitate 
/ [f an q acW is $ ^hT ° f POt “ iodide is "-tra. ‘° 
formed and the solmion S ° luti ° n h y driodic acid is 

fact is of value in chemical anaWsis^b' 6 ' 15 r ® duCln S P ro P er ties. This 

agents, the 

ot ostj.emg agent used The liberated iodife Is readily de,e,min“ 
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titration with sodium thiosulphate solution as described above. The 
following reactions will serve to illustrate this point. 

K 2 Cr 2 0 7 -f 6KI + 7H 2 S0 4 = 4K 2 S0 4 + Cr 2 (S0 4 ) 3 + 7H 2 0 + 3I 2 

2KMn0 4 + 10KI + 8H 2 S0 4 = 6K 2 S0 4 + 2MnS0 4 + 8H s O + 5I 2 
H 2 0 2 + 2KI + H 2 S0 4 = K 2 S0 4 + 2H 2 0 + I 2 
CaOCl 2 + 2KI + 2HC1 = CaCI 2 + 2KC1 + H 2 0 + I 2 

Potassium Sulphate, K 2 S0 4 . Potassium sulphate may be manufactured 
in the same way as sodium sulphate. On a large scale, however, it is 
generally obtained from such minerals as schonite, K 2 S0 4 . MgS0 4 .6H 2 0, 
by a process of fractional crystallization. 

In contrast to sodium sulphate, potassium sulphate crystallizes from 
aqueous solution in the form of anhydrous rhombic crystals. It is also 
much less soluble in water than the sodium salt. The chief use for potas¬ 
sium sulphate is as a fertilizer, for which purpose it is used in tremendous 
quantities. 

Potassium Bisulphate (Potassium Hydrogen Sulphate), KHS0 4 . Potas¬ 
sium bisulphate closely resembles the corresponding sodium salt. It 
finds application in chemical analysis for “opening up” refractory metallic 
oxides which are not readily dissolved by the usual acids. Platinum 
crucibles and basins are readily cleaned by fusing a little of the salt within 
them and then dissolving out the residue with water. 

Potassium Nitrate (Saltpetre or Nitre), KN0 3 . Potassium nitrate 
occurs as a saline efflorescence, probably of organic origin, on the surface 
of the soil in parts of Central India. Other deposits of this nitre or saltpetre 
are found in South Africa and in Brazil. The nitre may be extracted by 
leaching with water. 

Manufacture of Potassium Nitrate. On a commercial scale potassium 
nitrate is made by the reaction of potassium chloride with sodium nitrate, 
thus— 

KC1 + NaN0 3 = KN0 3 -f NaCl 

In the resulting solution there are present four ions, namely, K + , Na~, NO y , 
and Cf. On evaporation the least soluble salt capable of being formed 
from these ions separates out first; this salt is sodium chloride. Accord¬ 
ingly, the sodium chloride is filtered off and the solution cooled further 
when the potassium nitrate crystallizes out. 

Properties of Potassium Nitrate. In its properties potassium nitrate is 
very similar to sodium nitrate. It is however not deliquescent like sodium 
nitrate and hence is used in the manufacture of gunpowder (75 per cent 
potassium nitrate, 15 per cent carbon, and 10 per cent sulphur). 

Uses of Potassium Nitrate. The chief uses of potassium nitrate are as a 
fertilizer, for the pickling of meat, for medicinal purposes and as a 
constituent of gunpowder. 
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THE COINAGE METALS 

Gioup I b of the Periodic Table is composed of three metals— copper 

silver and gold All three of these metals occur native and form a natural 

group. They have been employed for currency purposes since earliest 

times, probably because they occur native. They arc therefore sometimes 
referred to as the ‘Coinage Metals.” 

Although copper, silver and gold are placed in Group 1 of the Periodic 
Table, they have very little in common with the Alkali Metals of Group la 
except perhaps their common ability to form colourless, monovalent 
compounds. It is more satisfactory, therefore, to regard these three metals 
as members of the three transition series—Scandium-Zinc, Yttrium-Cad¬ 
mium and Lanthanum-Mercury. In this group all the members are 

cXure e d 0 sahs ertlnS 3 h ' ghel " ‘ han ^ in SUCh CaS6S the y form 

Copper silver and gold all exhibit characteristic metallic lustre thev 
are capable of taking a high polish and show resistance to atmospheric 
coriosion. All three metals are very malleable and ductile and are excellent 
conductors of heat and electricity. Copper, silver and gold may “1 be 

LT-tax ‘o n o,u,io " i ° f ** * *» «•* ««* -* 

rh X' af i 6 attack . ed b >' chlorine - Only copper is attacked by oxygen directly • 
he oxides of silver and gold have to be prepared indirectly^ these latter 
two oxides are decomposed readily by heat y “ 


1 ABLE 80 


Some Physical Properties of the Coinage Metals 


Property 


Atomic number . 

Electronic configuration 
Atomic weight 
Density (g/cm 3 at 20°C) 
Atomic voiume (cm 3 /g atom) 
Melting point (°C) 

Boiling point (°C) 

(760 mm pressure) 

Thermal conductivity 
(cal/cm a /sec at 20°C) 
Electrical resistivity 
(microhm-cm) . 

Normal electrode potential 
(Hydrogen scale) 


Copper 

1 Cu 

1 _ 

Silver 

A g 

29 

47 

2, 8, 18, 1 

2,8,18,18,1 

63-54 

107-88 

8-94 

10-5 

7-11 

10-27 

1083-0 

960-6 

2595-0 

2001-0 

0-923 

0-974 

1 1-682 | 

1-62 

' + 0-344Sv 

4 - 0-7995v 

(Cu/Cu") 

(Ag/Ag') 


Gold 

Au 


79 


2, 8, 18, 32, 18, 1 
197-2 
19-3 
10-22 
1063-0 

2966-0 

0-7072 

2-42 
+ l-42v 
(Au/Au'") 
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None of the three metals will displace hydrogen from acids. Oxidizing 
acids will attack copper and silver. Some of the more important physical 
characteristics of copper, silver and gold are given in Table 80 on p. 451. 
All these three metals crystallize in the face-centred cubic system. 
Copper, silver and gold are all capable of forming two types of com¬ 
pounds, namely— 

(i) Monovalent (-ous) compounds in which the metal uses the single 
electron present in the outermost electron shell for the purpose of 
valency linkage; and 

(ii) Polyvalent (-ic) compounds in which copper and silver use two 
electrons and gold three electrons for forming the valency links. In 
these polyvalent compounds the electrons involved are the single 
electron present in the outermost electron shell, together with either 
one or two, as the case may be, in the shell immediately below the 
outermost shell. 

Atoms of these three metals when existing in the monovalent state there¬ 
fore possess completed electron shells and are thus colourless. 

On the other hand when these metals exist in the polyvalent state they 
possess incomplete penultimate shells with either 16 or 17 electrons; such 
compounds are coloured. Thus cupric compounds are blue, argentic 
compounds (e.g. AgF 2 ) are yellow, whilst auric compounds are brown. 

The simple compounds of copper, silver and gold tend to be covalent 
rather than electrovalent. Thus the vapour of cuprous chloride is bi- 
molecular and therefore covalent. Likewise, argentous chloride and 
cuprous chloride in the crystalline state possess non-ionic space lattices. 

These three metals readily form complex anions and cations. Examples 
of these complexes will be described under the individual metals. 

COPPER 

Occurrence. Copper is found native in nature and also in minerals in 
igneous, sedimentary and in metamorphic rocks. In the Lake Superior 
district of the U.S.A. native copper is found in steam holes and small 
fissures in lava flows, as the cementing material between pebbles of a 
conglomerate, and as replacements in beds of volcanic ash. These deposits 
give rise to the so-called “lake" copper. Many copper deposits, however, 
average less than 1 per cent of copper, but such deposits are considere 
readily and profitably workable when large tonnages of ore are ea^i v 
accessible. Large-scale mining methods are capable of handling thou^an s 
of tons of ore per day. The chief ores of copper are as follows 

Metal Native copper 

Oxide Cuprite, Cu 2 0 



ORE 



GROUND ORE (PULP) 


FLOTATION CONCENTRATION ->TAI LINGS 


CONCENTRATES 


(less than 25 %) 
COPPER 


MULTIPLE HEARTH 
ROASTERS 


COPPER 

(25 % and over) 
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FURNACE 


—> 


SLAG WASTE 
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COPPER. SALES 


Fig. 160. Flow Sheet for Extraction of Copper 
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Sulphides C halcopyrite or Copper pyrites, CuFeS 2 ; Bornite or 

Hrubescite, Cu 3 FeS 3 ; Chalcocite or Copper glance, Cu 2 S 

Sulphate Brochantite, CuS0 4 .3Cu(OH) 2 

Carbonates Malachite, CuC0 3 . Cu(OH) 2 ; Azurite, 2CuC0 3 . Cu(OH) 2 

Silicate Chrysocolla, CuO . Si0 2 .2H 2 0 

Chloride Atacamite, CuCl 2 . 3Cu(OH) 2 

The U.S.A. has been the world's chief copper-producing country for 
more than 50 years. Sulphide ores are mined in Utah, Nevada and 
Montana in the U.S.A., and Northern Rhodesia, the Belgian Congo, and 
in New South Wales. Carbonate, sulphate and silicate ores are also mined 
in the Katanga region of the Belgian Congo and in Northern Rhodesia. 

1 he sulphate and chloride ores are worked at Chuquicamata, the largest 
copper-producing mine in the world. 

Ores such as those detailed above are always associated with large 
quantities of non-metal-bearing material which is termed gangue, so that 
although formulae are quoted for the minerals described it should not be 
imagined that the who e deposit is composed of, say chalcopyrite. In 
actual fact the average copper content of all copper ore production is not 
more than 2 per cent. It will, therefore, be appreciated that the ore bodies 
in Northern Rhodesia averaging 4-11 per cent copper and those in the 
Katanga region averaging 7 per cent copper are considered very rich 
deposits indeed. 

The Extraction of Copper from Sulphide Ores 

The actual methods employed for the extraction of the metal from sulphide 
ores of high copper content differ in minor detail from plant to plant. In 
general, however, the following constitute the various stages of the extrac¬ 
tion process, the general scheme being shown in Fig. 160. 

Flotation. The ore is first crushed to a fine powder after which the 
mineral particles are separated from those of the gangue by means of the 
flotation process. The principle of the flotation process is that the pulverized 
ore is fed into a flotation cell in which water and frothing agents such as 
pine oil and xanthates are maintained in a condition of violent agitation. 
The mineral particles are “wetted” by the froth and are carried over a 
weir and thus separated from the gangue particles which are not wetted 
and so remain behind in the flotation cell. In this way the ore is concen¬ 
trated. For example, it is possible to obtain a 90 per cent recovery of 
copper mineral from the ore whilst the concentrate produced has only 
about 1/15 of the original bulk. 

Roasting. The concentrate from the flotation process is then roasted 
to remove “volatiles” such as arsenic which is removed as As 2 0 3 , sulphur 
as S0 2 , and antimony as Sb 2 0 3 . 




Plate I 


(T.447) 


(Top) Microstructure of Tinman’s Solder (x 250) 
bottom) Microstructure of Plumber’s Solder (x 250) 
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(Top) Smelter Casting Blister 
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Plate IV 

Becker Coke Ovens—Ram Side 

< < ourtesy of Guest Keen Baldwins Iron and Steel C, 
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This roasting is usually carried out in a mechanically-charged multi-floor 
furnace (see Fig. 161). The chief reaction involved is as follows— 

2CuFeS 2 + 40 2 = Cu 2 S + 2FeO + 3S0 2 

Smelting. The roasted ore is then transferred to a reverberatory furnace 
(see Fig. 162) along with sand to act as a flux and smelted in a non¬ 
oxidizing atmosphere. Under these conditions the iron oxide reacts 



Fig. 161. MacDougal Furnace 


with the silica of the 
thus— 


sand to form a readily-fusible 


slag of iron silicate. 


t-eu + SiU 2 = FeSi0 3 

^ ™. X n t “ r ® com P osed chiefly of copper sulphide with a little iron sulphide 
remains behind after the slag has been tapped off. This mixture of 

»>c£ deS 1S kn ° Wn a$ a mC " te ’ th ' S P articular matte being termed coarse 
The coarse metal is then re-smelted to remove still more of the iron and a 
fron as sulphWe 6 C ° maining ab ° Ut 75 pef Cent C0 PP er and ver y "ttle 

Bessemerizing. The molten fine metal is then run into a Bessemer 
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other metals, should they be present; the volatile oxides pass out of the 

converter as gases, whilst the iron oxide forms a slag. Plate II shows a 

Bessemer converter used for the blowing of copper matte. The reactions 
involved in Bessemerizing are— 

2Cu 2 S + 30 2 = 2Cu 2 0 + 2S0 2 
2Cu 2 0 4- Cu 2 S = 6Cu 4- S0 2 

The molten copper is run into metal moulds. As it cools and finally 
reezes, the dissolved gases, particularly sulphur dioxide, are evolved since 
they have lower solubilities in solid copper than they do in the molten 
metal. Some of the gas bubbles however are entrapped at the moment of 



solidification and these give rise to a blistered appearance on the surface 
of the copper ingots. Hence the term blister copper for this material. 

Refining of the Blister Copper. Two methods of refining are applied to 
blister copper; they are (a) fire refining, and ( b ) electrolytic refining. 

Fire refining involves the re-melting of the blister copper under oxidizing 
conditions. Thus the various impurities present tend to be removed, the 
sulphur, lead, zinc, arsenic and antimony as their volatile oxides, whilst 
manganese, iron, cobalt, nickel and bismuth are removed in the slag. 
This oxidizing fusion results in the formation of cuprous oxide, Cu 2 0, the 
content of which often rises to^about 6 per cent. When this obtains the 
molten metal is poled , that is, stirred with wood poles, the reducing gases 
evolved causing a reduction of the cuprous oxide (see Plate III). The 
process of poling is continued until the cuprous oxide is almost entirely 
reduced. When this state of affairs exists a small sample taken with a 
ladle solidifies in the form of an ingot with a flat top and gives a fracture 
of flesh-colour with a silky lustre. Copper in this state is known as 
tough-pitch or tough-cake copper. 

When copper of a higher purity than that obtained by fire-refining is 
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required, it is necessary to submit the tough-pitch copper to electrolytic 
refining. In this process, slabs of copper, 3 ft square and about 1 in thick 
serve as anodes in an electrolyte consisting of a solution of copper sulphate 
and sulphuric acid. The cathodes are thin pure copper sheets (see Plate III) 
During the process of electrolysis the base metal impurities tend to pass 
into solution whilst the precious metals (e.g. gold, silver and platinum) 
orm a deposit on the bottom of the vat, known as anode slimes. 

The electrolytic copper obtained in this manner is too brittle for use 
owing to dissolved hydrogen; it is therefore usual to remelt, oxidize the 
hydrogen, pole again and finally cast into suitable moulds. Such material 
commonly has a copper content of 99-98 per cent. 


Copper from Oxide Ores 

Oxidized ores are smelted in blast furnaces with a large percentage of coke 
The product is known as black copper and its composition depends upon 
the impurities in the ore. The reaction involved is as follows— 

Cu 2 0 + CO = 2Cu + CO, 

from the carbon 
of the coke 


Hydrometallurgical Methods 

Heap Leaching This method is used at Rio Tinto in Spain Sulphide 
ores are treated by this process in large heaps 10 to 40 ft high. Atmospheric 
ygen oxidizes the copper sulphide to copper sulphate. The top of the 
ore piles is provided with distributing trenches, and solution at first fresh 
water but later waste solution, is directed over the heaps. The passage of 

carried awav Abf, t rfo P CaUSCS the COpper sul P hat( - to dissolve and be 
carried away. About 60 per cent extraction is generally made in the first 

80 85^^' S Th° m SeV6n t0 n ' ne yearS are rec ) uire d y to bring this up to 
80-85 per cent. The copper contained in the solution which runs awav 

from the heaps is precipitated by the addition of iron scrap, thus— Y 

CuS0 4 + Fe = FeS0 4 + Cu j 

mmmmm 

Physical Properties of Copper 

(a) Copper is a metal exhibiting a flesh-pink colour. 

(b) It is very malleable and ductile. 
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(c) It exhibits a high electrical and thermal conductivity; when used for 
electrical conductors the content of impurities, particularly bismuth, must 
be maintained below very low limits. 

(d) Copper readily alloys with many other metals. 

Chemical Properties of Copper 

(a) In dry air, copper is fairly stable at room temperature; if heated, 

however, it forms cuprous and cupric oxides, the former adjacent to the 
metal. J 

(' b ) 1° rnoist air a green coating or patina is slowly formed on the 
surface of the metal. The composition of this patina varies according to 
the composition of the surrounding atmosphere; for example, in inland 

regions the patina is composed of basic copper sulphate, CuS0 4 .3Cu(OH) 2 , 

whilst under marine conditions it is made up of basic copper chloride 
CuCl 2 . 3 Cu(OH) 2 . rr 

(c) Dilute sulphuric acid and dilute hydrochloric acid are without 
action on metallic copper. But in the presence of air these dilute acids act 
on the metal, thus— 

2Cu + 4H+ -j- 0 2 = 2H 2 0 + 2Cu++ 

from the air 

Cold dilute nitric acid acts upon copper as follows— 

3Cu 4- 8HN0 3 = 3Cu(NO a ) 2 4- 2NO f 4- 4H 2 0 

(d) Hot concentrated sulphuric acid acts upon copper thus— 

Cu 4- 2H 2 S0 4 = CuS0 4 4- S0 2 t 4- 2H 2 0 
Heated concentrated nitric acid acts as follows— 

Cu 4- 4HN0 3 = Cu(N 0 3 ) 2 4- 2N0 2 t 4- 2H 2 0 
Hot concentrated hydrochloric acid reacts thus— 

2Cu 4- 8HC1 = 2H 3 CuC 1 4 4- H 2 f 

( e ) Aqueous solutions of caustic alkalis are without action upon copper 
although fused alkalis attack the metal, forming cupric oxide. 

In the presence of the air, aqueous solutions of ammonia react with 
copper to form a deep-blue coloured solution containing the complex 
ion [Cu . 4NH 3 ]++. 

(/) Copper is readily displaced from solutions of its salts by metals 
which are more electro-positive. Thus— 

Zn 4~ CuS0 4 = ZnS0 4 4~ Cu ^ 

Fe 4- CuS0 4 = FeS0 4 + Cu i 

Uses of Copper. Copper finds extensive application in industry for the 
purpose of making electrical conductors, for which the purity must be of 


Table 81 


Typical Compositions of Some of the More Important 

Copper-base Alloys 


Name of Alloy !_ 


* 

Cu 

Zn 

f 

Sn 

Commercial coppers 
Cadmium copper. 

990 



Arsenical copper . 
Oxygen-free high- 

1 99-5 



conductivity 

99-98 



Brasses 




Red brass . 

85-0 

15-0 


Cartridge brass . 

70-0 

30-0 


Muntz metal 

60-0 

40-0 


Brazing solder . 

50-0 

50-0 


High-tensile brass 

; 59-7 

32-7 

i 

Nickel silver 




(a) . 

56-0 

24-0 


(t>) • . . 

45-0 

45-0 


Tin bronzes 




Coinage bronze . 

95-0 


5-0 

Gunmetal . . 

88-0 

20 

10-0 

Bell metal . 

75-0 


25-0 

Speculum metal . j 

68-0 


32-0 

Phosphor bronzes 




(a) . 

92-0 


7-8 

(b) . 

84-0 


10-0 

A luminium bronzes 




(«)... 

96-0 



<*> • 

90-0 



Copper-nickel alloys 




Constantan 

600 



Monel metal 

--- 

70-0 




Typical Composition 
(percentage by weight) 



Ni AI Pb , P | Cd As 
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a high order. It is also employed for the manufacture of chemical plant, 
for steam pipes, for anodes for the electrodeposition of copper and 
certain of its alloys, and for the manufacture of many compounds of 
copper. 

Probably the greatest tonnage of the metal, however, is expended in the 
making of alloys. Some of the more important copper-base alloys and 
their compositions are quoted in Table 81. These alloys provide examples, 
as indeed do all industrial alloys, of solid solutions. The widespread 
occurrence, and therefore the importance, of solid solutions will conse¬ 
quently be appreciated. 

Cadmium copper finds application for electrical conductors and for 
such purposes as electrodes for resistance welding machines; it has a 
higher strength than copper although its electrical conductivity is only 
slightly less than that of the pure metal. Arsenical copper retains its 
strength very well at elevated temperatures and therefore finds application 
for such purposes as locomotive firebox stays, etc. Oxygen-free, high- 
conductivity copper is employed, as its name implies, for the manufacture 
of conductors. 

The brasses are probably the most important of all the non-ferrous 
alloys. Red brass and cartridge brass are capable of being fashioned to 
shape by cold-working processes such as rolling, drawing, stamping, etc., 
whilst muntz metal is essentially a brass used either for the manufacture 
of castings (in which the alloy in the molten state is poured into moulds), 
or for the fabrication of sections by extrusion (i.e. the forcing of the 
heated, but solid alloy by pressure through a die). Brazing solder is 
employed for the hard-brazing of ferrous metals. High-tensile brass is 
sometimes known as manganese bronze ; these alloys exhibit a high 
strength, for example a typical value being 42 tons/in. 2 . 

In the case of the nickel silvers, alloy (a) is sometimes known as German 
silver ; it is outstanding for its good resistance to corrosion, and its 
ability to take a good polish; alloy ( b ) is employed chiefly in the form of 
sections for architectural and ornamental purposes. 

Of the tin bronzes, gunmetal is employed in the manufacture of high- 
pressure steam and water fittings; the names coinage bronze and bell 
metal are self explanatory; speculum metal is a very hard alloy capable 
of taking a high polish, and is used for the making of mirrors for certain 
types of optical instruments and for the manufacture of diffraction 
gratings. 

The phosphor bronzes as typified by alloy (a) are employed in the 
cold-worked, and therefore hard, condition for the manufacture of 
instrument springs and for turbine blading; the alloys as typified by (b) are 
employed in the cast condition for the making of bearings and gears. 

Aluminium bronzes of the type quoted under alloy (a) are used in the 
cold-worked state for such purposes as steam turbine condenser tubes; 
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alloys of the type ( b ) are employed in the cast condition for the manufacture 
of bearings, gears and forming dies. 

Of the copper-nickel alloys, Constantan (also known as Eureka and 
Ferry') is used for the manufacture of electrical resistances in which the 
temperature coefficient must be a minimum; monel metal is widely used as 
an engineering material on account of the excellent combination of 
mechanical, physical and chemical properties which it exhibits. 

Compounds of Copper 

Copper forms two series of compounds, the univalent cuprous com¬ 
pounds, and the bivalent cupric compounds. 

The electronic structures of copper, the cuprous ion and the cupric ion 
are as follows— r 



Shell 

K 

L 

M 

N 

Copper . 

1 

2 

8 

18 

] 

Cuprous ion 

2 

8 

18 


Lupric ion 

2 

8 

17 1 



All cuprous compounds are white with the exception of the oxide which 

' S r a d ’ a ? d ‘ he sul P hlde which is black. The cuprous halides cuprous 
ox id e suiphitle, cyanide and sulphite are all insoluble in water-’ cuprous 

by ,iddinsc °™poSdin e 


-> CuS0 4 -j- Cu 

isiiiissas 

cupric salts are more stable than are c 11 p rous’ b! ft rh " U S ‘° SUggSSt that 
true; for examnl<* r „nr;« • P r °us salts, but this is not necessarily 

spontaneously into the ? correspondm dnide 31X1 thloc y ana,e decompose 
b, .he lac, u», i„ cupric co„, y p„„ 0lls a S!“ 
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17 instead of 18 electrons as shown above, and the transfer of a single 
electron from an anion to the cation makes this shell complete. This 
transfer occurs most readily in those cupric compounds which contain 
weak electronegative radicals (e.g. iodide, cyanide and thiocyanate). 
When the electron transfer has been effected the free radicals or atoms 
unite in pairs to form covalent molecules, thus— 

Cu ++ + (CN)' = Cu+ + (CN) 

2(CN) = (CN) 2 

Changes such as that just described occur all the more easily when the 
cuprous salt is only slightly soluble in water. Thus, soluble cuprous salts 
decompose in aqueous solution to form cupric salts and copper, whilst 
cupric salts (whose corresponding cuprous salts are insoluble in water) 
decompose in aqueous solution to give the cuprous salt which is precipi¬ 
tated. These interactions may be explained by means of the following 
ionic equation— 

2Cu+ -> Cu++ + Cu 

Therefore, a soluble cuprous salt which in solution gives rise to a high 
concentration of cuprous ions, causes the equilibrium to move to the right; 
whilst, when a cupric salt of an acid, whose cuprous salt is insoluble, is 
dissolved in water, cuprous ions are removed by precipitation and the 
equilibrium is moved to the left. 

Cuprous Compounds 

Cuprous Oxide, Cu 2 0. Cuprous oxide is prepared by the action of 
glucose on Fehling's solution. Fehling's solution is made by adding 
sodium hydroxide to a mixed solution of cupric sulphate and sodium 
potassium tartrate. Resulting from the reducing action of the glucose, 
cuprous oxide is precipitated as a red precipitate which is separated by 
filtration, washed with hot water and alcohol and finally dried in a vacuum 
desiccator. 

Properties of Cuprous Oxide 

(a) Cuprous oxide is a red powder. 

( b) When heated to temperatures below 1000°C, it is converted to 
cupric oxide CuO, but at temperatures in excess of 1000°C, cuprous 
oxide is the stable oxide. 

(r) Cuprous oxide is insoluble in water. 

( d ) It is readily reduced to the metal by heating in an atmosphere of 
hydrogen or coal gas. 

(e) With acids, cuprous oxide reacts to form cuprous salts, but these 
are only stable if they form complex ions with the anion of the acid. In 


COPPER 


463 

general, therefore, the action of acids results in the formation of the cupric 
salt and the deposition of copper. The following reactions are typical— 

(i) Cu 2 0 + H 2 S0 4 = CuS0 4 + Cu + H 2 0 

(ii) Cu 2 0 + 2HNO a = Cu(N 0 3 ) 2 + Cu + H 2 0 

In this case the copper initially formed reacts with further nitric acid to 
liberate nitric oxide and form more cupric nitrate. 

( m ) Cu 2 0 + 2HC1 = 2CuCl H 2 0 

The cuprous chloride dissolves in excess of the acid to form chloro- 
cuprous acid, thus— 


2CuCl + 2HC1 = H 2 Cu 2 C1 4 

Uses of Cuprous Oxide. Cuprous oxide is used extensively in the glass 
industry for the manufacture of ruby glass; the colour is probably due to a 
suspension of colloidal copper in the glass. J 

Other uses include its application in the manufacture of metal rectifiers 
and as an ingredient of certain anti-rust paints. 

CWoride ’ CuC !- Cuprous chloride is prepared by heating a 
mixture of cupric oxide and metallic copper with concentrated hydrochloric 

CuO + Cu + 2HC1 = 2CuCl + H..O 

ml 

The solution is then poured into water when a white precipitate of cuprous 
chloride is obtained. This precipitate is filtered ofF, washed with water 
containing a little sulphur dioxide and then dried either by washing with 
alcohol and finally ether, or alternatively in a vacuum desiccator g 

Cuprous chloride may alternatively be prepared by passing sulnhur 
dioxide through a solution containing equimolecular pronortinns f 
cupnc sulphate and sodium ehloride. T § he Icfion'nvolve^ i^ 


h 2 so 4 


2CuS 0 4 2NaCl + 2H 2 0 + SO, = 2CuCl + 2NaHS0 4 4 

Jip,S°„ U! c “ orW ' is filKred OIT “" d ■“« » » .he pre vio„, 

Properties of Cuprous Chloride 

a, T? P V re 6- e" »Io '° ■ C "° n ° f 

^™3STOasffssi “a*-*- 

■he v,p„„, a , ,700» C i, less ,h,„ “ S"d She' 
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SlS CU2Cl2 ‘ ™ S formuIa is ’ therefore > often used for cuprous 

(c) Cuprous chloride is practically insoluble in water, but it dissolves 
in those reagents which enable the copper to form complex ions. Thus in 
concentrated hydrochloric acid it forms the complex acid, HCuCL, and 
in ammonia the ammine, CuCl. NH 3 . Solutions of both these complexes 
readily absorb carbon monoxide and hence find application in gas 
analysis. Carbon monoxide reacts with these solutions to form the car¬ 
bonyl compound, CuCl. CO . 2H a O, which separates out in the form of 
colourless crystals. In addition to absorbing carbon monoxide, the 
ammoniacal solution is also capable of absorbing acetylene which reacts 
to form a red precipitate of cuprous acetylide, Cu 2 C 2 . H 0 0. This reaction 

is often employed as a test for the presence of acetylene. Cuprous acetylide 
is explosive when dry. 

Cuprous Iodide, Cul, is precipitated as a white powder mixed with 

iodine when potassium iodide is added to the solution of a cupric salt, 
thus— 


(a) 2CuS 0 4 + 4KI = 2CuI I + I 2 j + 2K 2 S0 4 

If a reducing agent such as sulphur dioxide is present in addition the 
precipitate consists entirely of cuprous iodide, thus— 

(b) 2CuS 0 4 + 2KI + S0 2 + 2H 2 0 = 2CuI j + 2KHS0 4 + H 2 S0 4 

Reaction (a) is employed in analytical chemistry as a means of determining 
the concentration of copper in copper-containing solutions. The iodine 
liberated, equivalent to the amount of copper reacting, is determined 
volumetrically by titration of the solution with sodium thiosulphate 
solution. 

Cuprous Cyanide, CuCN, is precipitated in an analogous way when 
potassium cyanide solution is added to cupric sulphate solution. 

2CuS 0 4 + 4KCN = 2CuCN l + C 2 N 2 f + 2K 2 S0 4 

In excess of potassium cyanide solution, cuprous cyanide reacts to form 
stable potassium cuprocyanide, thus— 

CuCN + KCN = K[Cu(CN) 2 ] 

On dissociation, potassium cuprocyanide gives the following two ions— 

K[Cu(CN) 2 ] ^ K+ + [Cu(CN) 2 ]' 

The cuprocyanide ion is very stable indeed, only a small proportion 
dissociating to give cuprous ions according to the following equation— 

[Cu(CN) 2 ]' v* Cu + + 2(CN)' 

Thus in qualitative analysis when hydrogen sulphide is passed through a 
mixed solution containing copper and cadmium, to which potassium 
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cyanide solution has been added in excess, the concentration of cuprous 
ions is insufficient to precipitate copper sulphide, since the solubility 
product of this compound is not attained (see p. 332). On the other 
land, the reaction of potassium cyanide solution with the cadmium 
results in the formation of the complex salt potassium cadmicyanide, 
K 2 [Cd(CN) 4 ]; the cadmicyanide ion is much less stable than the corre¬ 
sponding cuprocyanide ion. The net result is that the concentration of 
cadmium ions is sufficiently high to permit the formation of a precipi¬ 
tate of cadmium sulphide since the solubility product of this particular 
compound is exceeded under the conditions which obtain. 

Cuprous Thiocyanate, CuCNS, is a white insoluble compound prepared 
by adding a soluble thiocyanate, such as potassium thiocyanate, to a 
solution of cupric sulphate. Initially the precipitate is composed of a 

mixture of cupric and cuprous thiocyanates, but the cupric salt is rapidlv 
converted to the cuprous salt. r J 


Cupric Compounds 

Cupric Oxide, CuO (Black Copper Oxide). On a commercial scale 
cupric oxide is made by heating malachite, CuCO :i . Cu(OH).,. 

In the laboratory it may be prepared by heating the hydroxide the 
carbonate or the nitrate, or by heating the metal in air or'in oxygen at 
temperatures below 1000 C; this last-named method is not very satis¬ 
factory unless the copper is in a very finely divided state. 

Properties of Cupric Oxide 

(a) Cupric oxide is a black powder. 

(/>) It is unaffected by heating to approximately 1000°C but above 
this temperature it dissociates into cuprous oxide and oxygen^ thus_ 

4CuO ^ 2Cu,0 + O, 

(r) When heated with reducing agents such as carbon monoxide 
hydrogen and carbon it is readily reduced to the metal 

(«) It is insoluble in water. 

(<?) Cupric oxide is a typical basic oxide reacting with acids to form the 
corresponding cupric salts. 5 m the 

Uses of Cupric Oxide. Apart from its use in the laboratory as an 
oxidizing agent in chemical analysis, cupric oxide finds application In 

industry ,n the manufacture of coloured glasses and ceramfcV to which 
of copper Sc* ^ °'' 3 b '“ C C0,0U '’ ?">•»«% ** *> the format^ 

Cupric Hydroxide, Cu(OH) 2 . This compound is formed as a nale hi 
precipitate of a gelatinous nature when k solution o e^her 6 

potassium hydroxide is added to a cold solution of a cupric salt, thuL 

CuSO., + 2NaOH = Cu(OH) 2 j + Na 2 SQ 4 
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, J f * he „ so *“t>° n is heated, a black precipitate results of the compound 

c U ^ Cu(OH) 2 . This basic compound may be regarded as the genesis 
of such basic salts as basic cupric chloride, 3CuO . CuCl 2 .3H 2 0. 

Properties of Cupric Hydroxide 

(a) When heated, cupric hydroxide loses water and forms cupric oxide. 

. ^ ^ ^ in water and also in sodium and 

potassium hydroxide solutions. 

(c) It reacts with ammonium hydroxide initially to form a precipitate 
of cupric hydroxide but this dissolves in excess of ammonium hydroxide 
to give a deep-blue coloured solution known as Schweitzer's reagent , a 
solution of cupri-tetrammine hydroxide, [Cu . 4NH 3 ] (OH) 2 . This solution 
possesses the power of dissolving cellulose, the cellulose being reprecipitated 
when the solution is acidified. This fact is of considerable technical 
importance since it is the basis for the manufacture of one type of rayon, 
or artificial silk. In this process the “solution” of cellulose is squirted 
through extremely fine orifices or “spinerets” into a solution of dilute 
acid when the cellulose is precipitated into the form of long threads; 
these threads are drawn upon reels, washed, dyed, and fabricated into 
garments. 

(d) Cupric hydroxide reacts readily with acids forming the corresponding 
cupric salts. 

Cupric Carbonate is unknown as the normal salt. Thus, the addition of 
a solution of sodium carbonate to a solution of a soluble cupric salt such 
as cupric sulphate results in the formation of a green coloured precipi¬ 
tate composed of a mixture of basic cupric sulphate and basic cupric 
carbonate. 

Basic cupric carbonate occurs in nature in the form of such minerals 
as malachite , CuC0 3 . Cu(OH) 2 , and azurite , 2CuC0 3 . Cu(OH) 2 . 

Cupric Chloride, CuCl 2 . Anhydrous cupric chloride is formed when 
chlorine in excess is passed over copper maintained at a temperature not in 
excess of approximately 250°C. If higher temperatures are employed the 
cupric chloride dissociates into cuprous chloride and chlorine. The 
anhydrous salt may also be prepared by passing hydrogen chloride over 
the hydrated salt maintained at or below the temperature quoted above. 

The dihydrate may be prepared by the action of hydrochloric acid on 
either cupric oxide or the basic carbonate; on evaporation of the solution 
crystals of the dihydrate CuCl 2 .2H 2 0 separate out. 

Properties of Cupric Chloride 

(< a ) Anhydrous cupric chloride is a brown powder. 

( b) The salt dissolves in water, concentrated solutions being brown in 
colour, but on dilution they turn green and finally become blue. These 
colour changes are due to the preponderance in concentrated solutions 
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of the complex anion [CuClJ", whilst dilution with water gives rise to 
the formation of a larger proportion of the complex cation [Cu 4H OI++ 
Addition of concentrated hydrochloric acid or a concentrated solution of 
potassium chloride to the blue solution turns it brown in colour again • the 
common ion effect is thereby demonstrated. b 

(c) Cupric chloride is a very deliquescent substance 
Uses of Cupric Chloride. In industry, cupric chloride finds application 
in he pigment known as Brunswick Green; this pigment is made by 
boiling cupric sulphate solution with bleaching powder when a mix- 

obtaincV 16 Chl ° nde and cu P ric su| phate (Brunswick Green) is 

C “ P ™ Sul P hate (Blue Stone or Blue Vitriol), CuS0 4 . Cupric sulphate is 
the most important salt of copper and is used in industry on a very large 

On a commercial scale cupric sulphate is made by spraying hot dilute 
sulphuric acid on to copper scrap or turnings contained within a lead-lined 

Sow “.f * C ™' ° f a ' r iS Wown Tte invoS i, .s 

2Cu + 2H 2 S0 4 + 0 2 = 2 CuS0 4 + 2H 2 0 

from the air 
blown up the tower 

CuFeS fn° manufacturcd by the regulated roasting of copper pyrites 

2?c a ™ ° 1 s r zr ?n, ° ■$*»£ 

leached „„ „r lhe toasted 

process. SU PPa,e “ *> * byp^o, 

Properties of Cupric Sulphate 

colour^ anhydrOUS salt is colourless, but the hydrated salt is blue in 
in ( et ) hyu£h^ Iphate * ^ S °' uble in water though it is insoluble 

c,^Lto 0 p ““S;“,“ d h ?“ d ZtT&i r lecu !“ d of w,,er of 

formed. neated to 250 C the anhydrous salt is 


CuS0 4 .5H,0 


100°C 


CuS0 4 . HoO 


250°C 


CuSO 


of moisture which Jf present” turns *the ^^ anS | ° f det ® ct 'ng the presence 
blue-coloured pentahydrate ’ H Colourless anh y drou s salt to the 

If the anhydrous salt is heated still further it forms a basic sulphate and at 
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still higher temperatures (e.g. 700°C) the oxide is formed with the libera¬ 
tion of sulphur trioxide. 

(d) Cupric sulphate absorbs hydrogen chloride as follows— 

CuS0 4 + 4HC1 = HJCuClJ + H 2 S0 4 

This reaction is employed in gas analysis for the absorption of hydrogen 
chloride from gaseous mixtures. 

Uses of Cupric Sulphate. Cupric sulphate is employed in large quantities 
for the electroplating of copper and copper-base alloys such as brasses 
and tin bronzes. It is also the raw material from which many copper 
compounds are made. It also finds application in calico printing and in 
the manufacture of certain dyestuffs. Cupric sulphate acts as a fungicide 
and its solution with slaked lime is employed, under the name of Bordeaux 
mixture , for the spraying of grape-vines, potatoes, etc. It is also used as a 
preservative for timber. 

Cupric Nitrate, Cu(N0 3 ) 2 , is made by the action of nitric acid upon 
either metallic copper, or basic copper carbonate. On evaporation of the 
resulting solution deep blue crystals of the trihydrate Cu(N0 3 ) 2 • 3H 2 0 
separate out. The anhydrous salt is white. 

When the trihydrate is heated, it first loses water of crystallization and 
nitric acid to form the basic nitrate, Cu(NO a ) 2 . 3Cu(OH) 2 which at 
higher temperatures is decomposed yielding cupric oxide, nitrogen 
peroxide, oxygen and water. 

Copper Acetates. The normal acetate, Cu(CH 3 COO) 2 . H 2 0, is made by 
the action of acetic acid on either cupric oxide or upon verdigris. This 
compound finds application in the manufacture of green pigments. 

Basic cupric acetate, or verdigris, is produced when metallic copper is 
exposed alternately to the air and to the residues left after the fermentation 
of grapes. Two varieties of this material are distinguished; they are blue 
verdigris , Cu 2 0( CH 3 COO) 2 , an d green verdigris , CuO . Cu(CH 3 COO) 2 . 

SILVER 

Occurrence. Silver occurs in nature both in the form of the metal and also 
in chemical combination with other elements. Native silver is mined in 
Mexico, in Nevada, at Broken Hill in New South Wales, and in Bolivia. 
Silver forms a natural alloy with gold; for example, the gold mined in the 
Rand in Transvaal, South Africa, contains about 10 per cent silver. Silver 
is also obtained as a valuable by-product in the electrolytic refining of 
copper (see p. 457). 

The chief source of the world's silver, however, is the silver sulphide 
mineral argentite , Ag 2 S (also known as silver glance) which is present to 
some extent in almost all deposits of galena, the chief ore of lead, and often 
in appreciable amounts. Horn silver or cerargyrite , AgCl, which occurs 
also in lead deposits, also contributes to the world’s supply of silver. 
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Thus, more than half of the world's silver is obtained not from silver 

mines but from argentiferous lead, zinc and copper ores as a by-product 

u has been estimated that the silver-bearing ores which yield 91 per cent 

of the world’s silver also yield 85 per cent of the world's supply of gold 

69 per cent of the lead, 66 per cent of the copper, and 46 per cent of the 

zinc. Argentiferous lead-zinc ores are mined at Broken Hill, New South 

Wales, the famous mines of Cerro de Pasco in Peru, the Potosi mines in 
Bolivia, Mexico and Nevada. 


Extraction of Silver 

Silver is extracted by means of the following processes_ 

(1) The Cyanide process (also known as the MacArthur-Forrest 
process). 

(2) The Parkes’s process for the desilverization of lead. 

(3) The Luce-Rozan process. 

(4) Electrolytic methods applied to— 

(a) the refining of lead (Betts process); and 

( b ) the refining of copper. 


The Cyanide Process, 
division, is digested in 
silver and/or the silver 
equations— 


In this process the ore, crushed to a fine state of 
large vats in a solution of sodium cyanide. The 
compounds react as indicated by the following 


(a) 4Ag + 8NaCN + 2H.,0 • 


o 2 = 

oxygen from 
the air 


4Na[Ag(CN),] + 4NaOH 


Silver sulphide and silver chloride dissolve without oxygen, thus 

(b) AgCl + 2NaCN = Na[Ag(CN),J + NaCl 

(c) 


Ag 2 S + 4NaCN ^ 2Na[Ag(CN) 2 ] 


Na 2 S 


completior/'The sSthofteVd" 6XCeSS C >' Mide *° -sure 

of "» ™ “<■ io flow over boxe^adt 

™ when !he f„,,o“„g 


Zn + 2Na[Ag(CN) 2 ] = 2Ag J. + 2NaCN + Zn(CN) 2 

Th parke e s-s S proce« te Th meIted d ° Wn> a " d pUrified electrolytically. 
and molten zln Tm ^ lead 

zinc than in molten leTd ^ SllVer 18 m0re SoIuble in m °l'en 
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The silver-bearing lead is melted down^in furnaces of about 25 tons 
capacity and about 1 percent of zinc added;” the temperature of the furnaS 

fron °the firnai and al '° y Which se P ar ates out is skimmed 

om the furnace continuously. It should be noted that the molten zinc 


a 

Solid SoH 



/ a Solid 
t Solution 
1 + Melt 




304 C ! 


/ 


Fig. 163. Equilibrium Diagram for Silver-Lead System 


floats on top of the molten lead. These skimmings, contaminated with 
lead, are transferred to a retort and distilled with charcoal to reduce any 
oxide present. The zinc is recovered as distillate, a lead-silver alloy 
remaining in the retort. The silver is then obtained from this residue by 
cupellation (see p. 471). 

Luce-Rozan Process. This process is a modification of the older 
Pattinson’s process, the latter only being employed to a small extent at the 
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present time. The Luce-Rozan process depends upon the fact that when 

molten low-grade, silver-bearing lead is cooled to its freezing point, 

crystals of lead separate out which are very much poorer in silver than the 

still liquid original lead. This will be clear from a consideration of the 

thermal equilibrium diagram of the silver-lead system as shown in Fig. 163. 

From this diagram it will be noted that the eutectic composition between 

these two metals occurs at 2*5 per cent silver. The crystals of high purity 

lead which separate on cooling are removed by means of a perforated 

ladle. Since the crystals which separate cannot be freed completely from 

adhering (and hence silver-containing) liquid alloy it is usual to repeat the 

melting and cooling process with the skimmings obtained from this first 

pot. Fiesh lead of similar precious metal content is added to the first pot 

and the melting and cooling procedure repeated. In this way there is 

obtained for the market a refined lead low in precious metal content whilst 

the balance is left in the form of a lead—enriched in silver—ready for 

cupellation. This enriched lead contains about 2 per cent silver. Two 

melting pots are used in this process, each holding about 7 tons of lead; the 

crystallizing pot holds about 20 tons of lead. In the crystallizer the lead is 

agitated by means of steam blast; cooling is effected by withdrawal of the 
lire and by water sprays. 

Electrolytic Methods (a) Betts Process. In this method, argentiferous 
lead is electrolytically refined using fluosilicic acid, H 2 SiF 6 , lead fluo- 
silicate, PbSiF c , and gelatine or glue, as electrolyte. The silver-bearing lead 
is cast >nto anodes, the cathodes being made from thin sheets of refined 
lead. I he silver, along with other precious metals, is recovered from the 
electrolyte as anode slimes which are then worked up by furnace methods 
tor the precious metal content. 

(b) Electrolytic copper refining. In a similar manner, anode slimes 

oduced during the electrolytic refining of copper (see p. 457) are worked 
up tor their precious metal contents. 

Cu p e 1|ati ° n . The lead-containing precious metals obtained from the 
P ro cess or the Luce-Rozan process are treated by cupellation for 
meltinp t V h ery ° * he precious metals. This process consists essentially of 
of air thP r K Ch f K a f *" 3 reverberatory furnace and exposing it to a blast 

in the fo h rm of ° ther baSC metals are oxidized a " d slagged off 

meSs silver pom 8 ? t Va , rymg d6greeS ° f P ud 'y’ whilst the Precious 
under the* S° ldand the platinum metals, having no affinity for oxygen 

is effteted™- n 7' lt, ° ns ^10 behind in the metallic state. The oxidation 
lithJSe h y k a ‘ r a$t and Partial ‘y ^ means of the molten 

S fmS hies re° S an CXCeSS ° f ° X >’ gen 3nd passcs il *° the nnder- 

rr (C ' g : C ° Pper ’ arsemc ’ reHorium and selenium). The 

o’P'-r from “ oth " “ b r °r 

Parting or Silver and Gold Bullion. Various meihods are employed for 

16 — (T.447) r J 
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another ra, r °" ° r °f, si,ver ’ 2 old and the platinum metals from one 

they are— TW ° h ° dS Wlli be descnt) ed here, both electrolytic processes; 


(a) The Balbach process. 

(b) The Wohlwill process. 

Balbacb Process In this process ingots of the bullion are made the 

of elet ln , C f S ^l ade ,° f earthenware capable of holding about 20 gallons 
of electrolyte The electrolyte consists of an aqueous solution of 0-5 per 

cent nitric acid along with about 5 per cent silver and 5 per cent copper. 

he anodes rest on trays lined with canvas cloth to retain the slimes formed 

during electrolysis. The cathode consists of graphite sheets forming the 

bottom of the tank. The current employed is about 200 amperes at 

5 volts. On electrolysis the silver dissolves from the anodes and is deposited 

in the form of fine crystals on the graphite cathode, these crystals are 

removed, washed, dried, and melted down. The purity of these silver 

ingots is 99-97 per cent or more of silver. The other precious metals are 
left as black anode slimes. 

The Wohlwill Process. The black anode slimes from the Balbach process 
are melted down and cast into anodes for use in the Wohlwill process. The 
e ectiolyte is a 5 per cent aqueous solution of hydrochloric acid containing 
5-8 per cent of gold as chloride. The electrolyte is maintained at about 
60 C, and is agitated by blowing in air. The cathodes are thin sheets of fine 
gold. The current supply used is a direct current on which is superimposed 
an alternating current of slightly higher voltage, the latter causing the 
silver chloride formed on the surface of the anode to fall off and thus not 
interfere with further solution of the anode. Gold is deposited on the gold 
cathodes; platinum also dissolves from the anode with the gold, but is not 
deposited on the cathodes; it is precipitated in the solution, from time 
to time, by the addition of ammonium chloride. 


Physical Properties of Silver 

(a) Silver is a lustrous white metal capable of taking a high polish. 

(b) It is very malleable and ductile but less so than gold. 

(c) Its electrical and thermal conductivities are higher than those of any 
other substance. 

(cl) It is a comparatively soft metal. 

(e) Its density is 10-5. 

(/) It has a high melting point (960°C) 

Chemical Properties of Silver 

(a) At ordinary temperatures silver is not attacked by oxygen, but at its 
melting point molten silver will absorb more than 20 times its own volume 
of oxygen without losing its lustrous appearance. On solidification 
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this dissolved oxygen is almost completely thrown out of solution, the 
oxygen evolution being sufficiently violent to cause minor eruptions on 
the surface of the melt. This phenomenon is known as spitting , and is 
possibly due to the occurrence of supercooling caused by the presence of 
the dissolved oxygen. 

(b) Exposure of silver at ordinary temperatures to industrial atmospheres 
results in the formation of a thin black film of silver sulphide, Ag.,S, by 
inteiaction with the gaseous sulphurous compounds present in such 
atmospheres. This staining may be prevented by alloying the silver with 
small contents of beryllium. The sulphide film is sometimes produced 
artificially, when it is termed “oxidized silver," by treatment of the surface 
of the metal with an aqueous solution of a soluble sulphide such as sodium 
sulphide. When such films are lightly polished on certain portions of the 
surface an attractive finish is produced. 

The blackening of silver egg spoons is also due to the formation of silver 
sulphide, the sulphur in this case being derived from the egg. 

(c) Silver combines directly with the halogens, particularly at elevated 
temperatures. 

(</) Silver is not acted upon by dilute sulphuric acid, but in the hot 
concentrated acid it dissolves readily, thus— 

2Ag f 2H 2 S0 4 = Ag 2 S0 4 + S0 2 f + 2H,0 

Dilute hydrochloric acid is also without action on the metal, and even 
hot concentrated hydrochloric acid only has a slight action on silver 

orming silver chloride; at red heat, hydrogen chloride reacts with silver 
to form silver chloride. 


Nitric acid, no matter whether dilute or concentrated, cold or hot 
dissolves silver, forming silver nitrate and liberating oxides of nitrogen. ’ 

,_t ( t l r hL Ve \u T at , tacked b y ammonia nor by caustic alkalis, whether the 
latter be in the fused state or in aqueous solution. 

The commercially pure form of silver is known as 
fine silver to distinguish it from “standard” or “sterling silver,” which 

Briir r t < hr t ^°? P ^ : n thiS - latter all ° y iS thaUvhich is hall-marked in 

Sterling silver was the legal standard of British coinage from the time of 

ST"h. E d?“ 192 ° 1 Wh “ «“ P"“ of silver so Wgh ,h“ £ 

alloy had become more valuable as a metal than as a token the silver 
of TonerTn. ° re t0 50 per Cent ’ the remainder being made up 

=is r 

,he pr “ em Bruiih 
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The qualities which make silver so attractive for such purposes are freedom 

trom oxidation, resistance to various chemical acids and caustic alkalis, 

high thermal and electrical conductivities and a good combination of 

mechanical properties. Silver has replaced copper in many cases. Very 

large tonnages of silver are employed for the manufacture of silver nitrate. 

This compound is chiefly used in the photographic industry. 

Silver is used for anodes for the electrodeposition of silver; only high 

quality electrolytic silver is suitable for this purpose, the metal normally 

aving a content of 99-98 per cent silver. Silver electrodeposits are used 

for conductors in the radio and electrical engineering industries and for 

the lining of certain types of bearings used in high-duty engines. 

Standard silver is widely employed in the jewellery trade, such goods 

usually being submitted to one or other of the assay offices for hall 
marking. 

Large quantities of silver are used in the manufacture of silver solders. 
Three types are commonly recognized containing 60, 50 and 40 per cent 
silver respectively; the alloying elements are copper, zinc and cadmium. 

The Compounds of Silver 

The atom of silver is able to form two series of compounds, ( a ) argentous 
and ( b) argentic. The electronic structures of silver, the argentous ion and 
the argentic ion are as follows— 



Shell 

K 

L 

M 

N 

O 

Silver 

2 

8 

i 

18 

1 

18 

1 

Argentous ion 

2 

8 

18 , 

18 


Argentic ion . 

2 

8 

18 

17 



A silver atom is capable of forming a single electrovalent bond by the 
transfer of its single O electron (see above) to an electronegative element 
or radical, or of forming a single covalent bond by sharing its O electron 
as one member of a shared electron pair. Such compounds are termed 
argentous compounds and it is probable that the more simple ones, e.g. 
AgCl, are electrovalent rather than covalent in character. 

The argentous ion is also capable of forming both anionic as well as 
cationic complexes with such molecules as ammonia. Simple argentous 
compounds are white in colour. Exceptions to this statement are the 
oxide, which is brown, and the iodide which is yellow. 

In the presence of water simple argentous salts do not decompose 
(cf. cuprous salts). 
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Of the argentic compounds the only one which need be mentioned 
here is the fluoride, Ag 2 F, which is a strong oxidizing agent. 

Silver Oxide, Ag 2 0 (Argentous Oxide), is made by adding sodium 
hydroxide solution to a solution of silver nitrate. It is a dark-brown 
coloured substance it is only very slightly soluble in water, but the moist 
oxide exhibits an alkaline reaction. It is thus a basic oxide and reacts 
with acids to give the corresponding silver salts, thus_ 

Ag 2 0 + H 2 S0 4 = Ag,S0 4 + H 2 0 

rAp rea 2NR W1 inH am T n K Um hydr ° xide t0 form silver ammine hydroxide, 
LAg . 2NH 3 ]OH, which on standing deposits fulminating silver , Ae,N 

When heated the oxide dissociates according to the following reaction— 

2Ag a O ^ 4Ag + 0 2 

Silver,' Ch,0ride ’ AgCI (Ar S ent °us Chloride), occurs naturally as Horn 

w ““L* P re P ared ,n the laboratory by adding the solution of a 
soluble chloride to a solution of silver nitrate. The silver chloride is 

bS Thk 3 fine S , tate ° f dlViS ‘ 0n Wh ' ch * S ca P able of coagulation by 
g. This precipitate is insoluble in dilute acids but dissolves in 

[A^TnH i y The de i S H 0lU K, 0n -a' ith the forma,ion o{ 'he complex cation, 

.‘.nS SiSrdr'S"* ;r~- 

also dissolves in aqueous solutions of sodium thiosulphate antTpotassium 

RTJws ££#" *• Fas • sssrs 

Table 82 

The Mare Important Physical Properties of the Silver Halides 


Property 


Colour . 

Solubility in water (mg/litre 
of water at 25°C) 

Melting point (°C) . 
Crystal structure 


Weight dissolved in lOOg 
10 per cent ammonium 
hydroxide solution at 
12°C 


Fluoride 

Chloride 

White 

White 

180g/100g 

of water 

1-6 mg 

435 

455 


Rock salt 

1 

L_] 

7-84 g 

i 


Bromide 


Iodide 


Pale yellow I Light yellow 
0-133 mg 0-0023 mg 


422 


556 

Three pos¬ 
sible forms 
of existence 


0-35 g 


0-0036 g 





476 


THE ELEMENTS OF GROUP I 


Silver chloride exhibits only a very slight solubility in water and this 

fact constitutes the basis of a test to detect the presence either of silver or 
of chlorides. 

Silver chloride, like the other silver halides, darkens on exposure to 
light, a property which is utilized in photography. 

The chemistry of the other silver halides is very similar to that of the 
chloride as described above. Silver fluoride, AgF, is made by the action of 
hydrofluoric acid on argentous oxide; this halide differs from the other 
three silver halides in that it is readily soluble in water. Silver bromide , 
AgBr, and silver iodide , Agl, may be prepared by precipitation methods 
analagous to that employed for the preparation of silver chloride. The 
table on p. 475 gives details of some of the more important physical pro¬ 
perties of the silver halides. 

Photographic Chemistry 

The first action of light when it falls upon a silver halide is to cause 
transference of an electron from the halogen ion to the silver ion, thus— 

Ag+ + Cl' ^ Ag -f Cl 

V' 

The reversibility of the reaction should be noted since if the halogen is 
prevented from escaping it recombines with the silver when the light is 
shut off. In the ordinary way the halogen escapes and a permanent 
deposit of silver is formed. The same effect is produced more rapidly if 
the halide is mixed with some substance which will combine with the 
halogen as it is formed; gelatine is such a substance and this material is 
therefore used in the manufacture of photographic emulsions, the gelatine 
serving both as a vehicle for the halide, and also as an electron acceptor. 
Silver citrate is also used for this same purpose. 

Thus when a photographic emulsion is exposed to light in a camera a 
small amount of silver halide is reduced to metallic silver, but the image 
is invisible to the naked eye since the exposure is so short. However, if 
the photographic emulsion is immersed in a solution of a suitable reducing 
agent known as a developer (such as hydroquinone) then the chemical 
reduction of the silver halide continues wherever the light has fallen upon 
the emulsion. Thus, there is produced a “negative” in which dark areas 
represent those regions where the light originally fell upon the emulsion 
and light areas where the emulsion did not receive any incident light. 

In the negative the light and dark areas are the reverse of those which 

obtained in the original image. . . 

In order to render the developed emulsion permanent to light it is 
customary to fix the developed emulsion by immersion in a solution o 
sodium thiosulphate (hypo) when the silver halide dissolves to orm 
complex salts as previously described. This fixing of the emulsion is 
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qmte neecsssBiy since otherwise the areas remaining light after development 
would darken progressively on subsequent exposure to light. This process 
of development must, of course, be conducted in a “dark room,” a room 
illuminated solely by light of such a colour (either deep red or dark green 

“foSr H ■ ^ ^ ° f emulsion used) that th e emulsion will not be 
togged during processing. 

Positive prints are obtained from the washed and dried negative bv 
exposing to light through the negative a paper coated with an Emulsion 

chloriTT 05 ^ ° f gelat ‘ ne and S ‘ ,Ver halides. ,f the halide is silver 

heintr^ ^ P " ntlng pa P er ma y be printed in daylight, the resulting print 
being rendered permanent by immersion in hypo solution atewWch 

r “„ Sllver bromide, the printing paper—often termed “faslighT or 
contact paper—may be printed by very short exposure (5-3o\ectmd< ) to 
a source of artificial light such as an electric light bulb after print 

and fl " d in 

to red h lil h ht it bj - eCt ° f , renderin g a photographic emulsion more sensitive 

Th “ “ **** 

thf I'Xto “ “ ™ 0 t, b (er,h a ft'i, Of ni,r,C „ aCW "P” ,l “ 

transparent, anhydrous plates Silver CI -’ Sta 12es ln the form of large 
cast into sticks. * P Sdver n ' trate 15 som etimes melted and 

Properties of Silver Nitrate 

for example, ,00 g of water at 

(c) is not hydrolyzed - 

ture is reducedT^metalfic'silver^b^^rea 11 ^ ^ atmos P her| c tempera- 

solution of silver nitrate is often ^ S anlc sub stances. For example, a 
contact with the text h ' r 3S . a markin g ink for linen; on 
where it cannot be ea^ y fl ^^ by rt ^ ,ecipitated the fibre 

7*1% r Z N T “ rr'* 450 ' C - * 

650-700°C, the nitrite rW ’ at still higher temperatures 

“dd=s of ox^lTul “ yi '“ “ 5 '"*» 

2AgNO a = 2Ag + 2N0 2 t + 0 2 f 
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(/) Silver nitrate in the solid state absorbs ammonia gas to form the 
compound [Ag . 3NH 3 ]N0 3 , whilst from an aqueous solution of silver 
nitrate to which ammonium hydroxide has been added, crystals of 
[Ag . 2NH 3 ]N0 3 may be obtained by evaporation. This solution, often 
known as ammoniacal silver nitrate is used in organic chemistry as a 
reagent for detection of reducing agents. Such ammoniacal solutions may 
be regarded as containing dissolved argentous oxide and on reaction with 
a reducing agent the oxide is reduced to metallic silver. If this test is 
conducted in a test tube the metal is deposited in the form of a brilliant 
silver mirror on the walls of the test tube. Thus, acetaldehyde, a typical 
organic reducing agent, reacts as follows— 

“AgoO” + CH 3 CHO = 2Ag ; + ch 3 cooh 

Acetaldehyde 

This reaction is facilitated by gentle warming. 

( g ) Silver nitrate exhibits a cauterizing action on human skin; hence 
the name lunar caustic. 

Uses of Silver Nitrate. The most important use for silver nitrate is in 
connexion with the photographic industry in which the salt is converted 
into the halides of silver. 

It is also used in the laboratory as a reagent and also in chemical 
analysis for the volumetric determination of chlorides, bromides, cyanides 
and thiocyanates; it is also employed to detect a reducing agent as 
described above. 

Other applications include its use in surgery as a cauterizing medium; 
and also as a marking ink on linen, etc. 

Silver Cyanide, AgCN, is formed as a white precipitate when potassium 
cyanide solution is added to the solution of a soluble salt, such as silver 
nitrate, thus— 

AgN0 3 + KCN = AgCN [ + KN0 3 

Silver cyanide is soluble in excess of potassium cyanide solution, giving 
a colourless solution of potassium argentocyanide— 

AgCN + KCN = K[Ag(CN) 2 ] 

Potassium argentocyanide solution is the chief constituent of silver 
plating baths. Dissociation of the electrolyte occurs as follows— 

(a) K[Ag(CN) 2 ] ^ K + + [Ag(CN) 2 ]' 

0 b ) [Ag(CN) 2 ]' ^ Ag + + 2(CN)' 

There are, therefore, four different ions in solution, K + , Ag + , and the 

(CN)' ions. . 

In electroplating practice the anodes are of fine silver and the articles 
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to be plated constitute the cathode. During electrolysis, silver is deposited 
on the cathode, the loss of silver ions from the electrolyte being made good 
by the dissolution of silver from the anode by the action of the cyanide 
ions. In this way the strength of the plating bath is maintained. 

GOLD 

?™ e \ GOld ° CCUrS VCry Wide, y distributed in nature, chiefly in the 
free state, when it is invariably alloyed to a greater or less extent with silver 

a t h d OC ™ all y Wlthbismuth ’ mercury, and other metals. 

mH°Tk° th d f gold 1S obtain ed from what is known as native 
gold. This native gold has been known to contain as much as 99-8 per 

cent gold, but as a rule it varies from 85-95 per cent, the remainder usually 

bemg mainly silver. When the silver content is high the naturally occurring 

al oy ,s known as elec,rum. After native gold in importance “re hf 

eold" rolr| the < j hlef ° f WhlCh IS calaveri,e ’ (AuAg)Te 2 with 43 per cent 
« s uch ,rom “ min »“ 

Extraction of Gold 

Gold ores may be classified into two groups— 

,he na,i,e e ° ,d is * 
or^n 0 ^dtpoS U Th°e f 

?X'o“r TiT„,X W r erinS a " d di!in,e e rallon of eold-Xtag 

f«n,o„T^,r*“^T,^T nd on "? r faa - f ° ; “* m p" 

fossil placers. 8 P ° f the Transvaal ’ So ^ Africa, are old or 

kiXofX & *■»* ».«■ commonest and most ptodnc , ive 
e °“ eM » famous K » ,ar 

don b y concentra¬ 

te rsi-,-3“3919 r' 1 •?» 

divided, cyanidation is employed rvL ^ hen the g ° Id 1S Ver ^ finel y 
followed by cyanidation ofdjtailings for r ® atment b y amalgamation is 
mated very fine gold and combine!} |olJ ° f * he unamal ga- 
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Before the fine grinding of ores and treatment with cyanide, it is some¬ 
times necessary to roast the ores in order to remove arsenic and antimony 
as their volatile compounds, since these elements if present lead to 

tionTnhis’materia 1 ! 6 W ' th ** aCCOm P an y in § excessive “nsump- 

Vfi! er Concentratlon Processes. These processes depend upon the fact 
that the density of gold is much greater than that of associated minerals, 
etc Thus, when sand and gravel containing particles of gold are agitated 
with water the particles of gold tend to form a layer on the bottom of the 
vessels whilst the sand, etc., tends to be carried off with the agitating water. 

I his principle is employed in placer mining in which the gravel is agitated 
in s uices fitted with tiansverse riffles along the bottom. A powerful stream 
of water flows through the sluice and carries the gravel along with it, but 
the gold tends to sink and is caught by the riffles. 

Amalgamation. A pulp of the “fines” is caused to flow over slightly 
inclined copper plates amalgamated with mercury; the gold amalgamates 
with the mercury and is retained on the plates w'hilst the pulp flows on. 

e amalgamation process is also employed in connexion with the pulp 
obtained by crushing gold-bearing quartz in stamp batteries. The amalgam 
is scraped periodically from the plates and heated in large retorts when the 
mercuiy is removed by distillation leaving an alloy of gold and silver. The 
mercury is recovered and used again. This impure material is then 
refined as described under the refining of silver. 

MacArthur-Porrest Process or Cyanide Process. In principle this 
process is the same as that described for the extraction of silver (see p. 469). 

In the case of gold extraction the reactions involved are— 

(a) 4Au + 8NaCN + 0 2 + 2H.O = 4Na[Au(CN) 2 ] + 4NaOH 

(b) Zn + 2Na[Au(CN) 2 ] = Na 2 [Zn(CN)J + 2Au I 

The gold is then purified, as described in the case of silver on p. 471. 

Physical Properties of Gold 

(a) Gold exhibits a yellow lustrous colour. 

(b) It is the most ductile of metals; for example a single ounce of gold 
can be drawn into a wire 50 miles long. 

(c) It is also the most malleable of metals. It may be rolled and finally 
beaten into sheets or leaves of only one to two hundred-thousandths of an 
inch in thickness. Very thin gold sheets are translucent and transmit a 
green light. 

(d) Gold is a very heavy metal, density 19-3. 

(e) It has a high melting point, i.e. 1063 C. 

(/) After silver and copper, gold is the next best conductor of heat and 
electricity. 
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Chemical Properties of Gold 

(a) Gold is unaffected by the atmosphere or oxygen at any temperature 
or by water, or by sulphur. 

( b ) It is hardly affected by hydrochloric, sulphuric and nitric acids, 
but it is attacked by “aqua regia," a mixture of nitric acid and hydro¬ 
chloric acid in the proportion of 1:3, since this mixture readily evolves 

chlonne on warming, the gold dissolving to form aurichloric, or chlorauric 
acid, HfAuClJ, thus— 


Au - 4HC1 + HNO a = H[AuClJ + NO 


2 H.,Q 


Gold is also attacked by hot selenic acid, by aqueous solutions of either 

sodium or potassium cyanides when exposed to the oxygen of the air, and 
by fused alkalis and nitrates. 

(c) Gold is attacked rapidly by chlorine and bromine at atmospheric 
temperatures. r 

Colloidal Gold. Colloidal solutions of gold are readily made by reducing 

MeSt l SaUS Whh SUCh redUCin § 3 § entS as f°™aldehyde g 

Rochelle salt (sodium potassium tartrate), etc. J 

The pigment known as Purple of Cassius is a colloidal solution of 

sta^c chloriZ n y °K ld H pre P ared b y addin S a m ' xtur e of stannous and 
anmc chlorides drop by drop to an aqueous solution of a gold salt This 

nrct'Lti X n am th 6 °M the pr °! ection of a colloid - the colloid ^1 stannic acid 
protecting the gold particles. A red suspension of gold is obtained when 

formaldehyde is added to a dilute solution of a gold salt A blue colloidal 

svsVems in^hi f, P r J nc,pal use of gold is as the standard for monetary 
systems in the form of ingots, that is, as “bullion ” y 

n„rn Tf' ™P° rtant use » for ‘he fabrication of jewellery for which 
or nkM 8 ^ * S hardened b y alloying it with copper, silver,^palladium 

e Pu rit y ° r fineness” of gold is expressed in parts per lOOo' 

viu”fo Th “ “ 24 ««. 

and 18 are also employed 6 Val " es - ». > 2 ' '5 

wh i? ld 1S al “ us ® d in the form of electrodeposited coatings on articles 
which must be submitted to use in corrosive media. Gold fahs are ato 

d m the photographic industry and “Purple of Cassius” finds annlica 
tior, in the manufacture of ruby 'glass. GoI d P leaf is us d for the external 
g-lding of ornaments on public buildings and monuments 


v.umpuunas 01 (jold 

?n 0 d ld the r mi S viTe°nt Se o, ieS ° f Com P ounds > the monovalent aurous compounds 

an w 1 h r ° babl ^ the s ' r uP* eC aurousare cwalent also 0,11POUndS 

hen gold is dissolved in aqua regia, aurichloric acid is formed, 
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H[AuC 1 4 ] . 4H 2 0 which may be separated in the form of yellow crystals 
on evaporation. If these crystals are heated to approximately 120°C, 
auric chloride, AuC 1 3 is produced. When heated to 175°C, this compound 
decomposes yielding aurous chloride , AuCl and evolving chlorine. Auric 
chloride is soluble in water, in alcohol, and in ether. 

Aurichloric acid forms its corresponding sodium and potassium salts, 
Na[AuCl 4 ]. 2H 2 0 and K[AuC 1 4 ] . 2H 2 0. Other examples of anionic 
complexes formed by auric gold include potassium auricyanide, 
K[Au(CN) 4 ], potassium aurate, K[Au0 2 ]. 3H 2 0, and potassium auri- 
bromide, K[AuBr 4 ]. 

The aurichlorides find application in the photographic industry whilst 
the auricyanides constitute the chief constituents of gold electroplating 
baths. 



CHAPTER 20 


THE ELEMENTS OF GROUP 11 

The elements of Group II fall into two sub-groups; (a) the alkaline 

earth metals, and ( b ) zinc, cadmium and mercury. The elements 

beryllium, magnesium, calcium, strontium and barium constitute what 

are known as the “Alkaline Earth Metals." These metals are strongly 

electropositive, this property increasing, as in the case of the alkali metals, 
as the atomic weight increases. 


THE ALKALINE EARTH METALS 

All these metals are grey in colour, are of moderate hardness, and have 

high melting points. Like the alkali metals, they are all capable of reacting 

with water but less vigorously. In aqueous solution their salts do not suffer 
hydrolysis to any great extent. 

a11 th xf r com P ounds th e alkaline earth metals exist as bi-electrovalent 
° normal . electrode potentials of these metals constitute a 

Mtfons k° a f i he r W K h u hlCh they form cations; their readiness to form 
cations is also shown by the stability of the metallic oxides towards reduc¬ 
ing agents, and by the basic nature of their hydroxides 

man™T,‘^L? f f ma S nesium > < :aI cmm and barium is very similar in 
many ways to that of sodium and potassium. Thus, the ions of the three 

« f-r are COl ° UrleSS ’ their hydroxides are basic and their sulphides 
are soluble in water. On the other hand the compounds of the alkaline 

sn«nH meta S are m0re readi, y decomposed by heating than are the con-e- 

are weake^MdThU ° f ‘IT a ‘ ka1 ' metalS ’ 3nd in addltion their hydroxides 
sahs of the w v * S u S arC m0re readi 'y hydrolyzed. Many of the 
thi 1 it f h alkahne earth metals are insoluble in water, whereas those of 

Be vniumth 5 areoutstandin g for their general solubility 
Beryllium, the lightest element of this group shows many resemblances 

■“='~. o h m ™, 0 aL ii: “s 

BERYLLIUM 

« S or, S!o”T h of bery " ium “ ,he 

the metal ffcL • ' , T 3 * • 6Sl °2 whlch contains about 5 per cent of 

metal. This mineral ,s of fairly widespread occurrence! the chief 
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Some Physical Characteristics of the Alkaline Earth Metals 
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BERYLLIUM 




deposits being found in Argentina, Brazil, Canada, India, Portugal and 
South Africa. & 

The mineral gadolinite, 2BeO . FeO . 2Y 2 O s . 2Si0 2 , is often referred to 
as a commercial source of beryllium, though its occurrence is compara¬ 
tively rare. This mineral is, however, more of importance as a source of 
the element yttrium rather than beryllium. 

Extraction of Beryllium. Various methods have been employed for the 
extraction of beryllium from the mineral beryl. Many difficulties, however 
are experienced if attempts are made to extract the metal by the orthodox 
methods. One of the great obstacles to recovering beryllium is its extreme 
lghtness (density - 1-85), and the slags produced by chemical reduction 
are often heavier than the metal so that the metal floats on top of the 
slags instead of being protected by them. Similarly, in electrolytic produc- 

^ e ^ elcctrol y te 1S ofte n heavier than the liberated metal, with the 
result that difficulty is experienced in preventing the beryllium from taking 

fire at the anode. The lightness of beryllium is one of the chief reasons why 
met™ 1 * eaS16r l ° pr ° duCe 3 mas,er al, °y °f beryllium rather than the pure 

m ° der u n extraction method is that operated at Degussa 
he ehSe ,n o'h ffl 1Ch Tr ^'*1* < ? bt ? ncd by the e,ect >'o!ytic reduction of 

j• t ■ ! jgestion with an alkali metal carbonate followed by ( b) 

. kaS bydr ° Ch ° nc acid to remove sili ca, and (c) treatment with an 
hvHrnv H hydroxide to remove aluminium. The precipitate of beryllium 

hydroxide obtained by this last treatment is then converted to the chloride 
by treatment with hydrochloric acid. cnionde 

is pure k er y llium chloride obtained in the manner described above 
is mixed with an equal weight of sodium chloride and electrolvzed in a 
nickel crucible at a temperature of 350°C, using 40-50 volts at 500 amn 
The nickel crucible, which is heated externally by means of resistant 
elemen s also serves as the cathode; the anode i/a granite rod S 
passes through the lid of the crucible. Metallic beryllfum is deposited in 

eteefrr 0fdendr r flakes alon g the wal ‘s °f the nickel crucible When 
electrolysis is complete the flakes of beryllium are washed off n Ld il 

Physical Properties of Beryllium. 

aluminmm lliUm “ “ ^ metaI Similar in a PPcaranee to magnesium and 

me ( tals B (i. r e yll 1285°C). S h ‘ gheSt me ' ting point of the alkaline ear th 
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(c) In the pure (that is, the distilled) form, the metal is sufficiently 
malleable to be capable of forging and hot-rolling to some extent, but it 
becomes brittle again on cooling. 

(< d ) With the exception of the alkali metals, beryllium is the lightest of all 
the metals; its density is 1*85 (about one third lighter than aluminium). 

Chemical Properties of Beryllium 

(a) Beryllium exhibits a great affinity for oxygen; for example in powder 
form it burns when ignited in air, giving a brilliant light. 

0 b) At atmospheric temperature it is impervious to the action of the 
air and water; it does not react with water even at red heat. It is thus free 
from a tendency to tarnish. 

(c) Beryllium has little affinity for sulphur. 

(d) It dissolves in acids to form the corresponding beryllium salts. 

0 e ) Beryllium dissolves in the aqueous solutions of caustic alkalis. 

Uses of Beryllium. The most important application of beryllium arises 
from its ability to impart heat-treatable characteristics to copper, nickel, 
cobalt and iron, its alloys with the first of the four named metals being 
the most important. 

The heat-treatment of 2*25 per cent beryllium-copper alloy gives it a 
strength about six times that of soft copper. Sometimes these beryllium- 
copper alloys are termed beryllium bronzes. This increase in strength is 
accompanied by a much smaller reduction in electrical conductivity than 
would attend the use of other hardening agents, such as silicon or tin. By 
heat-treatment of beryllium coppers a hardness equivalent to about 
90 tons/in. 2 is obtained. Such figures as these compare very favourably 
with those of tool steel—indeed beryllium copper chisels are sufficient y 
hard to cut mild steel. The non-pyrophoric nature of beryllium copper 
renders it spark-proof and therefore very suitable for use in dangerous 
atmospheres. Beryllium copper is finding increasing application or 
engineering components which must exhibit a high resistance to wear. 
These alloys are also employed for the manufacture of instrument springs 

instead of the more orthodox spring steel. . , 

Beryllium is also used in the form of plates, obtained by pressing me 
metal at red heat, for the manufacture of “windows” for X-ray tubes. 
Because of its low atomic weight beryllium permits X-rays to pass throug 
seventeen times better than does aluminium, the metal previously use o 
this application; it is also used for the manufacture of electrodes io 
neon signs; as a coating for steel in order to enable this materia o r 
better the attack of hydrogen at high temperatures, such as those obtain g 
in the Bergius process of coal hydrogenation; and also for t e e " 
tion of copper. In this last named application, beryllium is repla g 
phosphorus more and more since a cast copper of much hig er 
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conductivity results, with the consequent saving of weight and cost of 
parts of electrical applicances, etc. 


Compounds of Beryllium 

The chemistry of the compounds of beryllium is dominated by the fact 

that beryllium has a very low atomic volume. Beryllium compounds are 
largely covalent. 

Beryllium oxide (beryllia) BeO can be obtained by heating the metal, 
carbonate, hydroxide or nitrate in air. On a commercial scale it is made 
from the mineral beryl. Beryllium oxide is a white powder having an 
extremely high melting point. It dissolves in acids to form the correspond- 
beryllium salts, and in alkalis to from beryllates (e.g. sodium beryllate, 

The salts of beryllium are similar to those of magnesium in properties 
but they also resemble the salts of aluminium, for example in respect 
of the volatility and hydrolysis of the chloride. 

Beryllium oxide is used as a refractory for the manufacture of crucibles; 
beryllium nitrate finds application for strengthening the oxide skeletons 
of incandescent mantles. When beryl is substituted for felspar in the 
manufacture of porcelain the resulting product exhibits a very high 
electrical resistance and low coefficient of thermal expansion so that such 

porcelains are very suitable for use in connexion with the manufacture 
ot such electrical components as sparking plugs. 


MAOINliSlUM 

Occurrence. Magnesium, which is estimated to constitute 21 per cent of 

LhT.,H CrUSt ’ ‘t far !°° reactive to be found fr ee in nature. Magnesium 
is the sixth most abundant element in the earth, following oxygen silicon 

a lum'nium, iron and calcium in the order named. The ores ofmagnesium 

used for ex raction of the metal and the production of its compounds 

showroTp y 4 r 8 ,dely The chief ma g nesium minerals are as 

Y g M dep ?‘ tS °[ hruci,e are worked in Ontario and Quebec in Canada 

at Satka ffithe Urd M U ' S ‘ A ' De P OS ‘ tS of ma gnesite are found in Greece! 
in the SUte f W 3 ? i Un ?',c f the USSR - at Veitsch in Austria and 

than is magS hT n r D °'° mi,e is f0Und far more abundantly 

contammA h l’ bedS ° f dolornite and of dolomitic limestone (a mineral 
of dolomLt bjgher COn * ent of 1 ‘mestone than is indicated by the formula 

TyZm, D nT'\ AI <” °' th ' T F°l »"1i» Britain in 
The cninhat^c a °, r i ksh re ’ Dert) y shire » Nottinghamshire and Durham. 

in Germany. a " C ° ndeS 0CCUr the well - know n Stassffirt salt deposits 

nefium is"aUn f" atU i rally occurrin g minerals tabulated on p. 488 mag- 

3 so found as a constituent of sea water and of deep well brines, 
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and in the waters of certain inland seas (e.g. the Dead Sea) Ocean sea 

tTa^nn^tf/r ab ° Ut °' 5 pef “ nt ma g nesium chloride which is equivalent 
,° Vf b ° Ut , 0 ' 14 P er 06111 magnesium, but magnesium-bearing bitterns often 
have higher magnesium contents than this. 1 2 * * 5 


Type of Compound 

Name of Mineral and its Formula 

Oxide . 

Periclase, MgO 

Brucite, MgO.H 2 0 

Spinel, Mg0.Al 2 0 3 

Carbonate . 

• • 

Magnesite, MgC0 3 

Dolomite, MgC0 3 .CaC0 3 

Sulphate. 

Epsomite,. MgS0 4 .7H 2 0 

Kieserite, MgS0 4 .H 2 0 
| Polyhalite, MgS0 4 .K 2 S0 4 .2CaS0 4 .2H 2 0 
Kainite, MgS0 4 .KCI.3H 2 0 

Chloride . 

Carnallite, MgCl 2 .KC1.6H 2 0 

Silicate . 

There are many magnesium silicates 
occurring in nature, most of them are 
complex in constitution. The more 
common include talc, 3Mg0.4Si0 2 .H 2 0, 
and asbestos, a very complex silicate of 
magnesium, calcium and other metals. 


Extraction of Magnesium 

Less than forty years ago magnesium was a metal of only very minor 
use, but at the present time it is extracted on a tremendous scale. Two 
methods are employed for the production of metallic magnesium, they 


ar 


(1) Thermal reduction of magnesium oxide (magnesia). 

( 2 ) Electrolytic reduction of fused magnesium chloride. 

The magnesium chloride may be obtained from natural salt deposits 

such as those at Stassfiirt, or be prepared from oxide or from carbonate 

ores by chlorination; the magnesia may be obtained from sea water or 
from carbonate ores. At the present time the magnesium occurring in 
sea water constitutes an exceedingly important source of the metal, since 
the supply of magnesium compounds in sea water may be regarded as 
more or less inexhaustible. A cubic mile of sea water, on the basis of its 
content of 0-14 per cent magnesium, contains over four million tons of 
the metal. 
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Production of Magnesia from Sea Water 


The production of magnesia from sea water is based on the almost total 
insolubility of magnesium hydroxide in water. The successful manufac¬ 
ture of magnesia from sea water depends upon the following factors— 

(a) The means to soften the sea water cheaply. 

(b) The preparation of a purified lime slurry of correct characteristics. 

( r ) ^he economical removal of the precipitated hydroxide from the 

large volume of water undergoing treatment. 

(d) The inexpensive purification of the hydrated precipitates. 

(e) The satisfactory and cheap filtration of the viscous slimes produced. 

The sea water is pumped into pre-treatment tanks, in which a little 

lime is added to react with the dissolved calcium bicarbonate. Calcium 
carbonate is precipitated and much of it settles in the tanks, that which is 
in suspension being removed by means of sand filters. Calcined dolomite 
is then slaked with water and the resulting “milk” produced is sprayed on 
to the surface of the water contained in large reaction tanks. The water 
bearing magnesium hydroxide in suspension, then flows into a settling 
tank from whence slurry of constant concentration is pumped to screen! 
and then to heating tanks. Here it is heated by steam to facilitate filtering 
through cotton vacuum filters, on the outside of which the magnesia form! 

- ke ‘J he ^ ake 1S extruded in fine threads and is then fed to the rotary 

ns These kilns, like those employed in cement manufacture, are fired 
by pulverized fuel. 


or thermal processes of magnesium production the fully-calcined 
magnesia is required; for electrolytic methods of production a reactive 
caustic magnesia is preferred. Instead of calcined dolomite, certain plants 
use a pure lime obtained by the calcination of oyster shells. In such plants 
however, the whole of the magnesium comes from the sea water undergoing 

SSJ“ ” h “ ““ «<*™= « "*<1 .s calcining maS 
only one half of the magnesium comes from the sea water, the remainder 

mudTfm T the . d ° lomite - The res ult is that plants using dolomite are 
much smaller and the cost of production is lower. 

above'a C reTs 1C follows-° nS inV °' Ved pr0CCSSeS $UCh 35 th ° Se deSCribed 


(0 Calcination of dolomite (or limestone, that is oyster shells, etc.) 
(a) CaCO s . MgC0 3 = CaO + MgO + 2CO a ‘ 

CaC0 3 = CaO + CO, f 


(ii) 

(a) 

(b) 


Slaking of the calcined dolomite (or limestone)— 

CaO + H 2 0 = Ca(OH) 2 
CaO + MgO + 2H a O = Ca(OH), + Mg(OH), 









o 

CD 

C 



Fio. 164. Outline of Processes for Production of Metallic Magnesi 
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(iii) Precipitation treatment of the sea water — 

(a) With slaked and calcined dolomite 
2Ca(OH) 2 + 2Mg(OH) 2 + MgCl 2 + MgS0 4 = 

_ , . 4Mg(OH) 2 l 4- CaCl, + CaS0 4 

(b) With slaked and calcined lime 

MgCl* + MgS0 4 + 2Ca(OH), = 2Mg(OH) 2 | + CaCI 2 + CaS0 4 

(iv) Calcination of the precipitated magnesium hydroxide — 

Mg(OH) 2 = MgO + H 2 0 


Production of Metallic Magnesium 

An outline of the processes for the production of metallic magnesium is 
given in Fig. 164. 

Carbon Reduction Process (Radenthein or Hansgirg Process). The 

reduction of magnesia by carbon takes place according to the apparently 
simple equation— J 

MgO + C ^ Mg | + CO f 


It should be noted, however, that this reaction is reversible, carbon 
monoxide acting as an oxidizing agent when the temperature is 1800°C 
or lower. The reduction, must therefore be conducted at a very high 
temperature, normally a temperature of approximately 2000°C is used 
and the difficulty of reversibility at lower temperatures overcome by 
shock-cooling” of the magnesium vapour by dilution with an inert gas 
such as hydrogen. Thus, the magnesium vapour is drawn off from the 
reduction furnace (an electric arc is used) by suction from a jet of strongly- 
cooled hydrogen. In this way the temperature of the vapour is quickly 
brought down to a temperature of about 200°C, and the reverse reaction 
suppressed to such an extent that the condensed dust contains only about 

retorts 7^ c ° ndensed dust is compressed and sublimed in 

reH?, n under a h ‘S h vacuum - The furnac e used for the initial 

reduction of the magnesia is a totally-enclosed, carbon-brick-lined three- 
phase electric arc furnace. 


f,7T r n Reduct ' on Process (Pigeon Process). In this process the 
f harge , 1S mad ® by mixln § ground, dead-burned dolomite with 
rhrZ T n , and P clIetin S- The pellets are then charged into a 

able ZTp Th , ret ° rt u qU ‘ Pped With a “"denser tube and a remov- 
m,, ng. The retort is heated to a temperature of 1100-1250°C by 

pressureoHeTTh res ! stance -heating elements, the reaction being run at a 

as follows- mm merCUry ' The Chemical reaction invoked is 


2(MgO . CaO) + Si = 2CaO . Si0 2 + 2Mg f 
The magnesium vapour condenses to form a mass of crystals inside 
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the condenser. At the end of the run the furnace is partly cooled and the 

magnesium removed from the condenser by the differential contraction 

of the magnesium and the steel. The magnesium does not require any 
additional purification. J 

The Pidgeon process has the advantage over the carbon reduction 

process in that much lower temperatures may be used for the reduction and 

also that there is not the same possibility of explosion of magnesium dust 
suspended in air. 

The calcium originally present in the calcined dolomite remains in the 
retort as dicalcium silicate which is reasily removed at the end of the run. 

By Electrolytic Reduction. Magnesium is obtained by the electrolytic 
reduction of fused magnesium chloride. Magnesium chloride may be 
obtained in various ways— 

(i) from salt deposits such as those at Stassfurt, 

(ii) from brine wells, 

(iii) from the reaction of magnesium hydroxide (from sea water or 

from dolomite) with hydrochloric acid; and 

(iv) from the reaction of magnesia (from sea water or from dolomite) 

with carbon and chlorine. 

Magnesium is extracted by the electrolysis of fused magnesium chloride 
by Magnesium Elektron Ltd., in Britain, the Dow Chemical Company in 
the U.S.A., and the I.G. Farbenindustrie in Germany. The chloride is 
obtained from magnesium hydroxide by treating with hydrochloric acid, 
and the solution is then evaporated to give MgCL . 6H 2 0. This salt 
dehydrates easily to MgCl 2 . 2H 2 0 and the anhydrous salt is obtained by 
heating in an atmosphere of hydrogen chloride. In the manufacture of 
the chloride from magnesia, the oxide is mixed with coal, peat moss and a 
binder, and chlorinated at about 850°C in an electrically-heated furnace in 
an atmosphere of chlorine. Molten anhydrous magnesium chloride is 
produced according to the reaction— 

MgO + C + CI 2 -wc-> MgCI 2 (/) + CO f 

Electrolysis of the magnesium chloride is conducted in firebrick-lined, 
rectangular steel cells. There are six steel cathodes and three anodes made 
of graphite bars suspended vertically in the electrolyte, and shielded to 
collect the chlorine (see Fig. 165). Sodium chloride is added to the bath 
to lower the melting point of the magnesium chloride and also to increase 
the electrical conductivity. The cells are heated by gas-fired furnaces to 
keep the bath molten. 

On account of its low density, the magnesium floats on the surface and 
it is therefore necessary to provide for the complete separation of the 
anode and cathode compartments, in order to prevent contact between the 
magnesium liberated at the cathode and the chlorine liberated at the anode, 
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with the consequent chemical reaction. The dividing partitions are of 
ceramic material suspended from above. The operating temperature of 
the cells is between 670 and 730°C. (Note: Melting point of magnesium 
is 650°C.) The voltage is 7-9 volts, and the current density 16-35 amp/in. 2 . 
The molten magnesium floating on the surface of the electrolyte is pro¬ 
tected from oxidation by a thin coating of electrolyte. From time to time 
molten magnesium is skimmed off and transferred in ladles to the plant 
for casting into ingots. The purity of the metal produced is higher than 
99*9 per cent magnesium. 


Nitrogen or 
carbon dioxide 


Chlorine exit 



Carbon anode 
Porcelain hood 


Iron cylinder 
cathode 


^Iron shell 

■iUddaM - Unfused electrolyte 

Fig. 165. Electrolytic Production of Magnesium 

Physical Properties of Magnesium 
(a) Magnesium is a silvery-white metal. 

(A) It has a density of 1 -74, and is the lightest metal employed for 

structural purposes. Magnesium weighs about two-thirds that of an equal 
volume of aluminium. M 

DoSt ill 07 V! a ™ S a high melting point (650 J C) and a high boiling 
crystals ° ? Q ' Wh£n heated ln vacuo > magnesium sublimes and deposits 

also hSr ne h!u m h^ ab f° Ut 25 T- mt stron S er than aluminium and is 
so harder, but has inferior working properties. 

' q " a ' ™ ShK ° f “6"“'™ “ d 
(/) Magnesium exhibits good machinability. 

Chemical Properties of Magnesium 

ai/k be n co d mes a cn^H ^ ,e "JP eral “ re) magnesium is stable, but in moist 

the hydroxide ° h u ° f the ° xide in the first ins,ance and then 

the hydroxide and the carbonate. This film tends to act as a protection 
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but various chlorides, for example, sodium chloride in salt spray, dissolve 
it and thus render it ineffective. Ammonium chloride also dissolves this 
film, hence the use of this compound in qualitative analysis previous to the 
separation of Group 3 (iron, chromium and aluminium) in order to 
prevent the precipitation of magnesium along with these elements when 
ammonium hydroxide solution is added. 

(b) When the temperature of magnesium is raised to the region of its 
melting point the metal takes fire and burns with a brilliant white light 
to form, when in an atmosphere of oxygen, the oxide, (magnesia) MgO. 
This combustion is facilitated by using the metal in the form of ribbon or 
powder. Magnesium dust very readily explodes. In air the combustion 
results in the formation of the oxide and the nitride, MggNg. Massive 
magnesium does not burn in this manner in air except at temperatures 
considerably in excess of the melting point. 

(c) When magnesium is heated it combines directly with sulphur, 
chlorine, phosphorus, boron and carbon to form the sulphide, chloride, 
phosphide, boride and carbide respectively. It does not form a hydride 
nor a derivative of ammonia corresponding to sodamide. 

(d) Magnesium, when heated in a current of steam, takes fire, forming 
the oxide and liberating hydrogen, thus— 

Mg + H 2 0 = MgO -f H 2 t 

Similar reactions occur when the metal is heated in sulphur dioxide 
and in carbon dioxide, magnesium oxide being formed in each case and 
elemental sulphur and carbon liberated respectively. 

(<?) When heated, magnesium will also reduce such stable oxides as 
carbon monoxide, silicon dioxide, and the oxides of sodium and potassium. 

(/) Dilute acids dissolve the metal rapidly, with the formation of the 
corresponding magnesium salts and the evolution of hydrogen, thus— 

Mg + H 2 S0 4 = MgS0 4 + H 2 t 

The metal also dissolves in aqueous solutions of salts which are acidic 
because of hydrolysis. 

( g ) Caustic alkalis have no action on magnesium. 

(//) Magnesium reacts with dry alkyl halides to form organo'-magnesium 
compounds known as “Grignard reagents.” The general equation 
representing the formation of Grignard reagents is as follows— 

CnH2n+]X + Mg = C n H 2n+1 . MgX 
where X = Cl, Br or I. 

(/) Since magnesium is a strongly electropositive element it will displace 

many metals from solutions of their salts. 

Uses of Magnesium. Magnesium is employed in quantities for the 
manufacture of Grignard’s reagents. Magnesium ribbon and wire are 
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used largely by the radio industry for de-gassing radio valves. It is also 
used in the foundry industry for the de-oxidation of copper-, brass- and 
nickel-base alloys. 

The greatest tonnage of magnesium, however, is used for the manufacture 
of alloys. Magnesium-base light alloys are the lightest known useful 
alloys for engineering construction, the Elektron series being particularly 
notable. Similar series are the Magnuminium series and the Dow metal 
series as produced by the Dow Chemical Company in the U.S.A. Many 
of these alloys are capable of being heat-treated whereby their mechanical 
properties may be enhanced. Table 84, gives the composition of some 
typical alloys. 


Table 84 

Typical Magnesium-base Light Alloys 


Use of Alloy 

• 

Percentage 

Mg 

A1 

Zn 

Mn 

Ni 

• 

; 

For the manufacture of castings 

For the manufacture of forgings, tubes, etc. 

98-5 

88-7 

85-0 

9-0 

110 

10 

1-5 

1-5 

0-3 

10 

1-5 


Magnesium is also used as a minor constituent of many other alloys. 


Compounds of Magnesium 

Magnesium Oxide, (Magnesia) MgO. Magnesium oxide may be pre¬ 
pared in the laboratory by heating magnesium nitrate, hydroxide, or the 
basic carbonate. It is also formed when the metal is heated in air but in 
his case it is contaminated with the nitride, M &i N.„ so that it is necessary 

to moisten the calcined residue with water and re-heat to convert the 
nitride into oxide, thus— 

M gsN 2 + 3H 2 0 = 3MgO + 2NH 3 f 

On a large scale, the oxide is prepared either by the calcination of magnesite 
or from sea water as described on p. 489. & 

it EK? u Ma f , 1 e f ium 0x We. Magnesium oxide is a white powder, 
only slightly soluble in water, for example at 20°C, 100 g of water will 

only d^sols/e 0 001 g of the oxide. The higher the temperature of calcina- 
K^ r^ctn iUty - ^ diIUte S ° Lon which * “ » slightly 

temperature of2Wr™lE Stable H com P ound > thus * may be heated to a 

acids formin^th^ C ’ ^ under g oln g decomposition. It reacts with 
acids torming the corresponding magnesium salts. 
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Uses of Magnesium Oxide. Probably the most important use for 
magnesia is in the manufacture of refractories; for such applications a 
dead-burned magnesia is desirable. The oxide is also used for the produc¬ 
tion of metallic magnesium; for electrolytic production a reactive, caustic 
magnesia is needed, whilst for thermal reduction processes a fully calcined 
magnesia is to be preferred. It is also used in the vulcanization of rubber. 

Other uses include its application as an abrasive for the polishing of 
metals and alloys, and for medicinal purposes (“Milk of magnesia”). 

Magnesium Hydroxide, Mg(OH) 2 , is precipitated as a white gelatinous 
mass when alkali metal hydroxides are added to the solution of a soluble 
magnesium salt, thus— 

MgS0 4 + 2NaOH = Mg(OH) 2 i + Na 2 S0 4 

This compound is insoluble in excess of the alkali metal hydroxide; it is 
very slightly soluble in water, being less soluble than calcium hydroxide. 
It dissolves in solutions of ammonium salts according to the following 
typical equation— 

Mg(0H) 2 + 2NH 4 C1 ^ MgCl 2 + 2NH 4 OH 

In this system of two mixed electrolytes, magnesium hydroxide is 
slightly soluble although highly dissociated, whereas ammonium hydroxide 
is soluble but only slightly dissociated. 

Thus, the solid magnesium hydroxide dissolves progressively in order 
to maintain the dissolved magnesium hydroxide at its saturation value. 
This process continues until all the solid magnesium hydroxide has dis¬ 
appeared. The reaction is also probably facilitated by the interaction of 
the ammonium ion with magnesium chloride as follows— 

NH 4 + + Cl' + Mg++ -f 2C1' = NH 4 (MgCl 3 ) 

Magnesium hydroxide is a strong base reacting with acids to form 
magnesium salts, and if heated with chlorine it reacts thus— 

6Mg(OH) 2 + 6C1 2 = 5MgCl 2 + Mg(C10 3 ) 2 + 6H 2 0 

Insoluble Salts of Magnesium 

Magnesium Carbonate, MgC0 3 . This compound is found in nature as 

magnesite and as dolomite. f 

Magnesium carbonate may be prepared by the addition of a solution o 
sodium bicarbonate to the solution of a soluble magnesium salt, t e 
addition of sodium or potassium carbonate solution instead of the 
bicarbonate results in the precipitation of the white basic magnesium 
carbonate, of the general formula, xMgC0 3 . yMg(OH) 2 . -zH 2 0, typica 
examples being 

3MgC0 3 . Mg(QH) 2 .4H 2 0 and 3MgC0 3 . Mg(OH) 2 . 3H 2 Q 
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If carbon dioxide is passed through a suspension of the basic carbonate a 

clear solution of magnesium bicarbonate is produced, and if this solution 

is then heated to 50 C, crystals of magnesium carbonate trihydrate are 
precipitated. 

MgCO a . Mg(OH) 2 + 3C0 2 + H 2 0 = 2Mg(HC0 3 ) 2 

For the same reasons as stated above magnesium salts do not yield a 

precipitate when treated with ammonium carbonate solution along with 

ammonium chloride, the magnesium being present in the form of a complex 

anion, [MgCl 3 ]'. This fact is utilized in the separation of magnesium 

from the metals of Group 5 in qualitative analysis, i.e. calcium, strontium 
and barium. 

Uses of Magnesium Carbonate. The basic carbonates of magnesium are 
used extensively in the manufacture of inks, paints and varnishes, in which 
they are used as “fillers," in tooth powders, and for use with rubber 
accelerators. Mixed with asbestos they are used for heat-insulating cover¬ 
ings for steam pipes. A special kind of dolomite is used with magnesia 
°r the manufacture of Vienna time for buffing metals. Dolomite is 
used as a metallurgical flux, and, of course, dolomite and magnesite are 
the raw materials for the extraction of metallic magnesium. 

Magnesium Phosphates. In the cold, a solution of di-sodium hydrogen 
phosphate reacts with a soluble magnesium salt to produce a precipitate 

U P i S t n S 1 °, lu , ble COm P° und - magnesium hydrogen phosphate , 
Mgm O,, . 7H 2 0. If this compound is suspended in water and the suspen¬ 
sion heated the insoluble normal magnesium phosphate is formed a ong 
with a soluble acid salt— ® 


4MgHPO., = Mg,(P0 4 ) 2 I + MgH 4 (P0 4 ) 2 

If a solution of di-sodium hydrogen phosphate reacts with the solution of 
a soluble magnesium salt in the presence of ammonium hydroxide and 
ammonium chloride, a colourless precipitate of magnesium ammonium 
phosphate . 6H 2 0, is obtained. In ammonium hydroxide 

t,nn T,h S COm P° u " d exhibits on 'y a very slight solubility. The forma- 

it is ° f thls com P ound 1S of( en applied as a test in qualitative analysis but 
it is important to note that certain other metals will also form insoluble 

phosphates o similar constitution. I, is therefore necessary ,o^nsure that 

well afbdn S “7 re T° Ved bef ° re a PP'y in S the test for magnesium. As 
well as bung employed as a qualitative test for magnesium, the formation 

of magnesium ammonium phosphate is also used as the basis nf ™ 

quantitative method for the"determination of magnesium S hifcase 

650° P 700°c‘ a wh aftCr fi,trati0 " is h-ted to a temperature of aS 

W3ter are CW,Ved W magnesium 
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Soluble Salts of Magnesium 

Magnesium Chloride, MgCl 2 . This magnesium compound is found as a 
constituent of certain salt deposits and in sea water. The manufacture of 
magnesium chloride has already been described on p. 492. In the labora¬ 
tory magnesium chloride may be prepared by the action of hydrochloric 
acid on the carbonate. On evaporation of the solution the hexahydrate 
crystallizes out. 

In the air, the hexahydrate deliquesces. It is very soluble in water, being 
hydrolyzed in aqueous solution. A number of hydrates other than the 
hexahydrate have been identified. If any of these hydrates are heated 
at about 200°C in air they lose water and hydrogen chloride, forming 
magnesium oxychloride, thus— 

2[MgCl 2 .6H 2 0] = 11H 2 0 + [MgO . MgCl 2 ] 4* 2HC1 f 

On further heating this oxychloride loses chlorine and is converted to 
magnesia, thus— 


2[MgO . MgCl 2 ] + 0 2 


600 C 


* 4MgO + 2C1 2 f 


from the 
air 


Anhydrous magnesium chloride cannot therefore be prepared by heating 
the hydrated salt in air. The following are the chief methods available for 
the production of the anydrous salt— 

(a) Dehydration of magnesium chloride hexahydrate at a gentle heat 
in a stream of hydrogen chloride. 

( b ) By passing chlorine over heated magnesium maintained at about 
650°C. 

(c) By heating a mixture of magnesia and carbon at 850°C, in an 
atmosphere of chlorine (see p. 492). 


Magnesium Sulphate, MgS0 4 . This salt occurs in nature as kieserite , 
MgS0 4 . H 2 0. In the laboratory, and on a commercial scale, magnesium 
sulphate is prepared by the action of sulphuric acid on magnesium car¬ 
bonate or hydroxide. If the hot concentrated solution of this magnesium 
sulphate is cooled below 25°C, rhombic crystals of the heptahydrate, 
MgS0 4 .7H 2 0 separate out. This hydrate is known as Epsom salt. 
Other hydrates have also been identified. All the hydrates yield the 
anhydrous salt when heated to 200°C, and if heated to higher temperatures 

magnesia results. , 

Pure magnesium sulphate is used in medicine, less pure material finding 
application as sizing and as a fireproofing agent. Magnesium sulphate 
is also used in the tanning trades, for dyestuffs manufacture and the 
manufacture of soap and paint. 
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CALCIUM 

Occurrence. Calcium is one of the most abundant of all the elements; 
it is, in fact, the fifth most abundant in the earth’s crust. It is far too 
reactive to occur free in nature and occurs combined with many other 
elements but chiefly with oxygen, silicon, aluminium and carbon. The 
most important of these naturally occurring compounds is calcium 
carbonate; whole geological formations such as chalk and the carboni¬ 
ferous limestone consist almost entirely of calcium carbonate, whilst 
thick and thin beds of limestone are more or less common throughout 
entire sets of stratified rocks. Some of the more important of the calcium 
minerals are enumerated below. 


Type of Compound 

Name of Mineral and its Formula 

Carbonate .... 

Limestone, CaC0 3 (also known as chalk) 
Calcite, CaC0 3 (hexagonal) (Dog-tooth spar) 
Aragonite, CaC0 3 (orthorhombic) 

Dolomite, CaC0 3 .MgC0 3 

Gaylussite, Na 2 C0 3 .CaC0 3 .5H 2 0 

Sulphate .... 

Anhydrite, CaS0 4 

Gypsum, CaS0 4 .2H 2 0 

Phosphate * . 

Apatite, 3Ca 3 (P0 4 ) 2 .CaF 2 

Fluoride 

. Fluorspar, CaF 2 


In addition to the above minerals, calcium also occurs in the form of 
many silicates, such as anorthite felspar , CaO . Al 2 O a . 2Si0 2 
Calcium compounds constitute an essential pan of plant and animal 
tissue; thus calcium is found in bones, largely as calcium phosphate. 


Extraction of Metallic Calcium 

Electrolytic Extraction. Calcium is obtained by the electrolysis of its 
fused anhydrous chloride. This extraction is usually carried out in a cell 
of the type introduced by Rathenau in which the cathode is a round steel 
pipe capable of movement upwards and downwards. The anode material is 

anodes ai a so‘ of» T?™ 1 COnSti , tutes the «“ linin & ™ addition auxiliary 

thp c^W H?. f 8 n P are em P‘°y ed - The <*11. the auxiliary anodes and 
the cathode are all water-cooled; it is necessary to keep the cell temner- 

TteeWt t0 . a t minJmUm otherwise the liberated calcium tends to oxidize 

h°/ Consists of a fused mixture of calcium chloride and cal- 
um fluoride (six parts of CaCl 2 to one part CaF 2 being a common mixture 
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which melts at 650°C; the melting point of calcium is 85M°C). In 
operation the water-cooled cathode is adjusted so that its tip just touches 
the surface of the electrolyte. The resultant high current density raises 
the temperature in the neighbourhood of the cathode above the melting 
point of calcium, causing the metal to be deposited in the molten state. 
Under these conditions the calcium “wets'’ the steel cathode to which it 
adheres when the cathode is raised. The raising of the cathode is carried 
out slowly so that a vertical stick or “carrot” of calcium is produced. The 
lower end of the carrot quickly becomes the effective cathode, the steel 
merely serving as a lead for the current supply. When the cathode has 
reached the end of its upwards travel, electrolysis is stopped and the cal¬ 
cium carrot removed. The carrots produced from the latest cells vary in 
size from 7-14 in. diameter and 5-25 in. in length. The carrot is protected 
from oxidation during the progress of its travel by a layer of solidified 
electrolyte; thus the calcium content of the carrot is only about 85 per 
cent. To remove the electrolyte the crude product is melted and cast 
into various shapes in an atmosphere of argon; the product from this 
process contains 95-97 per cent calcium. A higher grade metal is produced 
by distillation of the 95-97 per cent grade in a retort under a high 


vacuum. 

Thermal Reduction of Calcium Oxide. Calcium is also prepared by the 
thermal reduction of calcium oxide by aluminium under vacuum. The 
aluminium powder (96-99 per cent pure) is briquetted with lime before 
charging into horizontal retorts, the ends of which project through the 
furnace wall, the calcium (98-99 per cent pure) condensing as the solid 
phase in the cold ends. 


Physical Properties of Calcium 

(a) Calcium is a silvery-white metal. 

(b) It is a very light metal (density = 1*55). 

(c) When pure it is so soft that it may be cut with a knife, and unlike 
sodium or other alkali metals it may be handled without danger. 


Chemical Properties of Calcium 

(a) Calcium is a very reactive metal. 

(b) On exposure to air it becomes coated with a layer of oxide, hydroxide 

and carbonate. . u .. 

(c) When gently heated in air it readily takes fire, forming the oxid 

together with a little calcium nitride, Ca 3 N 2 . ., r H 

(d) It combines with hydrogen when heated to form the hydri e 2 * 

(e) When heated with carbon it reacts to form calcium carbide, 2 - 

(/) With water, calcium reacts to form its hydroxide and lib 

hydrogen, thus— 

Ca + 2H 2 0 = Ca(OH) 2 + H 2 t 
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(g) Calcium reacts vigorously with acids to form calcium salts. 

(h) Calcium does not react with alkalis. 

Uses of Calcium. By reason of its relatively high melting point and its 

low vapour pressure, calcium is finding increasing use as a deoxidizing 

agent for such metals as copper, aluminium, magnesium, nickel, and 

nickel-chromium alloys and special steels. When used as a deoxidant for 

copper the electrical conductivity is not greatly reduced. Lead-calcium 

alloys containing about 3 per cent calcium have found application for 

bearing purposes. Calcium is also employed as a minor addition in other 
alloys. 

Calcium is used in the Betterton process for removing bismuth from 
lead. 

The metal is also used for the manufacture of calcium hydride. 


Compounds of Calcium 

Calcium Hydride, CaH 2 , is prepared by the direct action of hydrogen on 
metallic calcium heated to approximately 350 C. Calcium hydride is a 
colourless solid with a density of 1*7. It is acted upon by water with the 
formation of calcium hydroxide and the liberation of hydrogen, thus— 

CaH 2 + 2H 2 0 = Ca(OH) 2 + 2H 2 f 

In commerce this compound is often sold under the name of “Hydrolith.” 
It is used commercially to some extent as a means of producing hydrogen 
in special circumstances and also as a reducing agent for the production of 
such metals as titanium, vanadium, uranium and zirconium. 

Calcium Carbide, CaC 2 , is prepared by heating a mixture of quicklime 

i® b !" ,n an ele ,. ctric 1 _ furnace at a temperature of approximately 
2000 C. The source of carbon is coke, anthracite or charcoal, coke being 

most commonly used. The chemical reaction involved is_ 5 

CaO + 3C = CaC 2 + CO f 


Two types of electric furnace are employed for the manufacture of cal¬ 
cium carbide they are ( 1 ) ingot furnaces in which the carbon electrode is 

S7bon d l!n np h T C h arb h n ' lmed T®®' b ° X ° r Until il strikes an arc with the 
carbon lining The charge is then added from time to time and the elec- 

trode gradually raised until the furnace is filled. The filled car is then 

disconnected, cooled, and the ingot removed; and (ii) the tapping furnace 

S lined bh m °K e " C t' CiUm Carbide ' This furnace -^4 of a steel 
nected to a th h “f"’ f C bein g P roduced by three electrodes con- 

ous v and the m P n aSe The lime and coke are charged continu- 

contLously ™ ****** at 1800 ° C is like ' vise tapped 

gra^eVfoiliS 1 !^ 13 ^ 6 ! fr ° m , either l yP e of fu rnace is broken up and 
graded for size in an atmosphere of nitrogen to prevent the possibility 
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of explosion due to the generation of acetylene which is very likely in 
ordinary atmospheres. 

Properties of Calcium Carbide. Pure calcium carbide is white, but the 
commercial variety is usually dark grey in colour owing to the presence of 
impurities. It is a hard, brittle crystalline solid. It reacts with water to 
produce acetylene as follows— 

CaC 2 + 2H 2 0 = C 2 H 2 f + Ca(OH) 2 

The calcium carbide of commerce is almost entirely consumed by two 
applications— 

(1) Its reaction with water to produce acetylene as described above. 
Acetylene is employed as a fuel in welding and metal cutting, and also as a 
raw material in a large number of organic syntheses. For example, a 
large proportion of the acetic acid is produced by treating acetylene with 
water in the presence of mercurous sulphate followed by subsequent 
air oxidation of the acetaldehyde formed initially. 

CH = CH + H 2 0 — b,s ^--» CH3CHO- ^ -► CH3COOH 

Acetylene Acetaldehyde Acetic acid 

Acetylene is also employed in the manufacture of the monomers from 
which vinyl polymers are formed. Similarly, it is the basis of “Neoprene,” 
a synthetic rubber. 

(2) It reacts with nitrogen when heated, to form calcium cyanamide 
CaCN 2 — 

CaC 2 + N 2 = CaCN 2 + C 

Calcium cyanamide is an important fertilizer being known commercially 
under the name of “Nitro-lime.” In the chemical industry calcium cyana¬ 
mide is used for the production of ammonia, which is prepared by the 
action of water on calcium cyanamide when heated under pressure in 

autoclaves. 

CaCN 2 + 3H 2 0 = 2NH 3 t + CaC0 3 

The use of nitrolime as a fertilizer is probably dependent upon the 

liberation of ammonia by action with water. 

Calcium Oxide, CaO (Lime or Quicklime). Pure calcium oxide may be 
prepared in the laboratory by heating calcium hydroxide, carbonate or 
nitrate or by burning metallic calcium in an atmosphere of ° x ygen* „ 
On a commercial scale lime is prepared by heating or “burning 

limestone in kilns. The reaction involved is— 

CaC0 3 (.y) ^ CaO(j) + C0 2 (g) t - 43 250 cal. 

The dissociation pressure of calcium carbonate increases as the temper^ 
ture rises, being one atmosphere (760 mm) at 890 C. In or er to ac * 
decomposition of the carbonate it is usual therefore to ariange or 
dioxide to be drawn off by the suction set up by a draught o air. 
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For the burning of lump limestones, vertical kilns are almost invariably 
employed, the firing of such kilns being carried out either by the use of 
solid fuel such as coal or, in more modern plants, by the use of gaseous 
fuel such as producer gas. In many plants the gases issuing from the top of 
the kiln are allowed to escape, but in the ammonia-soda industry the kilns 
are closed and under slight suction the exit gases are led to compressors 
and thence to the carbonating towers. Certain plants, particularly those 
using fines or small size limestones, employ rotary kilns; precipitated 
calcium carbonate such as that from cauticizing plants can only be burned 
in rotary kilns. 


Properties of Calcium Oxide 

(а) Calcium oxide is a white amorphous powder. 

(б) It is very refractory and may be heated to a higher temperature 

without undergoing any chemical decomposition. It fuses at approxi- 
mately 2600°C. 

(c) Calcium oxide may only be reduced to metal in exceptional circum¬ 
stances (see Extraction of calcium by thermal reduction). 

(d) Calcium oxide is a reactive compound, although when pure and dry 
it does not react at atmospheric temperature with carbon dioxide, sulphur 
dioxide, chlorine, hydrogen chloride and nitrogen peroxide. 

P reacts with water to form calcium hydroxide; this process is known 
as the slaking of lime. 


CaO + H 2 0 = Ca(OH) 2 + 15 900 cal. 

It will be noted from the above reaction that the process of slaking is 
accompanied by the evolution of a considerable quantity of heat. 

When moist, calcium oxide reacts with acid gases and chlorine, forming 
calcium carbonate and sulphite with carbon dioxide and sulphur dioxide 

E3 ■iTn'f"' Chl ° rK " ““ !»'*' 0y*»8» 

rol“Sg h r!y e piS- Si °* “ ,0m “ of »hfch the 

CaO + Si0 2 = CaO . Si0 2 

The ' at |f r reaction i. s of importance in metallurgical smelting processes 
in whtch limestone is added to the furnace charge to removed or 
siliceous gangue as easily fusible silicate slags. 

chloride—b Cat CaIdUm ° XidC r ° aCtS direct, y with chl ° r ‘ne to form calcium 

2CaO + 2C1 2 = 2CaCl 2 + 0 2 

y a J c ' urn oxide is a strongly basic oxide reacting vigorously with 
acids to form the corresponding calcium salts. ^ 

1 7 —( T-447) 
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Uses of Lime. Lime is used in the manufacture of bleaching powder and 
caustic soda and as a constituent of many types of cement and mortar. In 
the laboratory it finds application as a drying agent in which connexion it is 
often used as “soda lime.” This substance is made either by slaking lime 
with sodium hydroxide solution and evaporating the solution, or alterna¬ 
tively by adding molten sodium hydroxide to lime. Soda lime has two 
advantages over sodium hydroxide for which it substitutes as an absorbent 
of carbon dioxide; they are (a) it is not deliquescent, and ( b ) it has a higher 
melting point. Lime is also used alone as a drying agent for such gases as 
ammonia which react with other drying agents such as calcium chloride 
and sulphuric acid. 

Calcium Hydroxide, Ca(OH) 2 (Slaked Lime). Calcium hydroxide is 
made by slaking lime with water. Water is sprayed on to lime, when the 
latter quickly falls to a powder, the excess water being evaporated by the 
heat of the slaking. 

Properties of Calcium Hydroxide 

(a) Calcium hydroxide is a white powder. 

(b) It is only slightly soluble in water; thus at 0°C, 100 g of water will 
only dissolve 0-227 g of the hydroxide; at higher temperatures even less 
is dissolved—at 10°C, 0-17 g slaked lime, and at 80°C only 0-059 g. 

(c) The aqueous solution of calcium hydroxide is known as lime water, 
if the solution contains an excess of the solute the resulting suspension is 
termed milk of lime. 

( d ) If carbon dioxide is passed through water a precipitate of calcium 
carbonate is formed— 

Ca(OH) 2 + C0 2 = CaC0 3 l + H 2 0 

If carbon dioxide is then passed through this suspension, the insoluble 
carbonate is converted to the soluble bicarbonate as follows— 

CaC0 3 + H 2 0 + C0 2 = Ca(HC0 3 ) 2 

The addition of calcium hydroxide to a solution of calcium bicarbonate 
results in the precipitation of calcium carbonate as follows 

Ca(HCO ;} ) 2 + Ca(OH) 2 = 2CaCO a i + 2H 2 0 

This reaction is of considerable importance in water softening since hard 

waters often contain dissolved calcium bicarbonate. 

(e) Slaked lime reacts with acid gases and acids forming the cor¬ 
responding calcium salts— 

Ca(OH) 2 + SO, = CaS0 3 + H 2 0 

(/) It reacts with ammonium salts when heated, evolving ammonia— 

Ca(OH) 2 + 2NH 4 C1 = CaCl 2 + H 2 Q + 2NH 3 t 
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(g) With chlorine, various products are obtained according to the 
conditions which exist, as follows— 

Reaction of Chlorine with Slaked Lime. At atmospheric temperature 
bleaching powder results as follows— 

Ca(OH) 2 + Cl 2 = CaOCl 2 + H 2 0 

At red heat calcium chloride and oxygen are formed— 

2Ca(OH) 2 + 2C1 2 = 2CaCl 2 + 2H,0 + 0 2 f 

Reaction with Milk of Lime. With cold milk of lime calcium chloride 
and calcium hypochlorite are produced as follows— 

2Ca(OH) 2 + 2C1 2 = CaCl 2 + Ca(C10) 2 + 2H a O 

With hot milk of lime calcium chlorate and calcium chloride are formed 
thus— 

6Ca(OH) 2 + 6C1 2 = 5CaCl 2 + Ca(C10 3 ) 2 + 6H.O 

Uses of Slaked Lime. In the laboratory, slaked lime is used as an ab¬ 
sorbent for gases such as carbon dioxide, chlorine, and acid gases generally. 

Its reaction in aqueous solution with carbon dioxide is used as a means of 
detecting this gas. 

On a commercial scale, slaked lime is used in the manufacture of 
bleaching powder, of caustic soda, both by Gossage's process and also in 
the ammonia-soda process, for the purification of coal gas and sugar for 
the manufacture of glass and the making of cements and mortar. It also 

water aPP1Cat > 0n ^ “ lime ' soda ” process for the softening of hard 

Calcium Carbonate, CaC0 3 , occurs in nature in a wide variety of forms- 
the more important are (a) Calcite, other forms of which are Iceland 
bpar, Dog Tooth Spar; and ( b) Aragonite. Limestone, marble and chalk 
contain calcium carbonate in the form of calcite; whilst in coral, calcium 
carbonate is present in the form of aragonite. Calcite crystallizes in the 
hexagonal system, whilst aragonite crystallizes in the rhombic system 
C^cium carbonate may be prepared in the laboratory by precipftation 
rom the solution of a soluble calcium salt by means of a soluble carbonate • 

the precipitate is then washed and dried. ccaroonate, 

Properties of Calcium Carbonate 

(a) In pure water, calcium carbonate is practically insoluble but in 
the presence of dissolved carbon dioxide, calcium carbonate’ readily 
dissolves owing to the formation of the soluble calcium bicarbonate, thus— 

CaC0 3 + H 2 0 + C0 2 = Ca(HC0 3 ) 2 
On standing, or if gently heated this solution of calcium bicarbonate 
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decomposes with the precipitation of calcium carbonate and the produc¬ 
tion of water and carbon dioxide. This reaction taking place over very 
prolonged periods of time has led to the formation of stalactites on the 
roof and stalagmites on the floor of caves. 

( b ) Calcium carbonate is soluble in acids forming the corresponding 
calcium calts. In this connexion it should be noted that those acids which 
form insoluble calcium salts lead to the formation of an insoluble skin of 
the salt on the surface of the calcium carbonate thus slowing down—or 
even stopping—the attack of the acid. If the calcium carbonate is used 
in the finely divided form this, of course, does not take place. 

Uses of Calcium Carbonate. The uses of this compound include its 
application as a flux in metallurgical smelting processes; for the manufac¬ 
ture of lime, and for whiting, which is finely ground chalk freed from 
sandy impurities by washing with water. Whiting mixed with 18 per cent 
boiled linseed oil in known as “putty.” In precipitated form it is employed 
in the manufacture of tooth pastes and for medicinal purposes and for 
cosmetics. In the laboratory it is often used as a source of carbon dioxide. 

Calcium Bicarbonate, Ca(HC0 3 ) 2 , may be obtained as a flocculent 
white precipitate when a cold aqueous solution of potassium bicarbonate 
is added to calcium chloride solution cooled in a freezing mixture. On 
warming the precipitate to atmospheric temperature it decomposes 
yielding calcium carbonate, water and carbon dioxide. 

Calcium Chloride, CaCl 2 . In the laboratory this compound may be 
prepared by the action of hydrochloric acid upon calcium carbonate. 

In industry it is produced in large quantities as a by-product of the 
ammonia-soda process for the manufacture of sodium carbonate. 

Properties of Calcium Chloride 

(a) Calcium chloride is very soluble in water; for example, at 0 C, 
100 g of water dissolve 60 g of the anhydrous salt, whilst at 100°C, 159 g of 
the salt may be dissolved. 

(b) Aqueous solutions of calcium chloride freeze at lower temperatures 
than 0°C, thus a solution containing 42-5 g calcium chloride in lOOg o 
water freezes at — 55°C. 

(c) Anhydrous calcium chloride absorbs water to form CaCl 2 • 6H 2 U'> 
it also reacts with ethyl alcohol to form CaCl 2 .2(C 2 H 5 OH), and wit 
ammonia to form CaCl 2 . 8NH 3 . 

(cl) When heated, the" hexahydrate loses four of its molecules of water 
of crystallization at 200°C, and at higher temperatures is converted to the 
anhydrous salt. Some calcium oxide is also formed during the last stages 

of dehydration, thus— 

CaCl 2 + H 2 0 ^ CaO + 2HC1 

Uses of Calcium Chloride. The chief applications of calcium chloride 
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are in the form of solutions used to lay dust (because it is deliquescent and 
remains moist), and as a circulating liquid in refrigeration. 

The solid salt constitutes the chief constituent of the electrolyte employed 
for the production of calcium by the electrolytic process. It is used in the 
laboratory as a drying agent but it cannot be used with ammonia or com¬ 
pounds containing the-NH 2 or-OH groups since it forms compounds 
with such materials. In connexion with its use as a drying agent, care must 
be taken to ensure that no calcium oxide is present in the anhydrous 
salt otherwise acid gases will be absorbed. 

fluoride, CaF 2 , occurs in nature in large quantities as fluorspar 

When heated to approximately 900°C, calcium fluoride melts to form an 
opaque, greyish enamel. 

It finds considerable application in industry for the “thinnin" out” of 

glasses and metallurgical slags. It is also a constituent of glazes and in 
addition serves as a source of fluorine. 

Calcium Sulphate, CaS0 4 , occurs in nature as anhydrite, CaSO. and as 

gypsum , CaS0 4 .2H 2 0. Other forms of gypsum are selenite, alabaster 
and satin spar. 

In the laboratory the dihydrate may be prepared by the addition of 
dilute sulphuric acid to an aqueous solution of calcium chloride, thus— 

CaCl 2 + H 2 S0 4 + 2H 2 0 = CaS0 4 .2H 2 0 | 


Properties of Calcium Sulphate 

(a) Calcium sulphate is only slightly soluble in water (2 g/litre) ex¬ 
hibiting a maximum solubility of 2-8 g litre at 38 D C b 

(b) When heated to 110^139°, the dihydrate loses three-quarters of its 
watei of crystallization, being converted into the hemi-hydrate, 

CaS0 4 . J 2 H 2 0 or 2CaS0 4 . H 2 0 

the chief constituent of plaster of Paris. 

produ^d hemi ' dydrate ^ hCated abOVC 2 °°° C the anh ydrous salt is 
These various changes may be depicted as follows— 


CaS0 4 .2H 2 0 

gypsum 


CaS0 4 .2H a O CaS0 4 . iH 2 0 ^ 2 i°L c 


CaSO 


orthorhombic dihydrate plaster of Paris 

sS “ 

slight expansion renders p"f',e! “paStal* f“ 11?“ “P"™"- This 
since delail is thereby aceC,e"reprSn™d '""°' 

5“ Cha h n S“ (ortho- 

nyarate) ot the same chem.cal composition; this change is 
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reversible, and it is the re-forming of gypsum that gives rise to the expansion 
referred to above. 

(c) The presence of dissolved calcium sulphate in many natural waters 
gives rise to permanent hardness. 

Uses of Calcium Sulphate. Calcium sulphate is used as the raw material 
for the manufacture of plaster of Paris. Parian cement is also a product 
of the calcination of gypsum; it consists of anhydrous calcium sulphate. 
It sets very slowly when mixed with water, without suffering expansion, 
to give a hard, compact mass of gypsum; it is used for the surfacing of 
floors and for plastering corners of walls which are likely to receive hard 
wear. 

Calcium sulphate is also used for the manufacture of plaster for walls. 
Some glue and hair are usually added to retard the setting time in order 
to give the plasterer an opportunity to apply the material. 

Calcium Phosphates. Calcium occurs in nature as a number of naturally- 
occurring phosphates, of which there are two principal varieties— 

(1) Apatite, a mineral with a definite composition, 3Ca 3 (P0 4 ) 2 . CaF 2 , 

which in a few cases contains chlorine instead of fluorine; and 

(2) rock phosphates such as phosphorite, phosphatic limestone, 

guano, bone beds, etc., which have no definite chemical composition. 

One of the chief uses for these materials is as fertilizers, but they also 
constitute the chief source of elemental phosphorus (see p. 669). Phosphate 
rock, when finely ground has a limited use as a fertilizer on account of 
its low solubility. Thus, with the object of increasing the solubility it is 
more usual to convert this material into more soluble forms, such as 
superphosphate , by treatment with sulphuric acid; the following is t e 
probable expression of the main reaction involved in this process o 

acidulation— 


2(CaF)Ca 4 (P0 4 ) 3 + 7H 2 S0 4 + 17H 2 0 - 

phosphate rock 3CaH 4 (P0 4 ) 2 . H 2 0 + 2HF + 7(CaS0 4 . 2H 2 U) 

superphosphate 

Another material more concentrated than the ordinary superphosphate 
is the so-called triple superphosphate. This material, which contains 
per cent available P 2 0 5 (about three times that present in ordinary supe- 
phosphate) is prepared by the action of phosphoric acid on p osp a 
the reaction involved being— 

(CaF)Ca 4 (P0 4 ) 3 + 7H 3 P0 4 4- 5H 2 0 = 5CaH 4 (P0 4 ) 2 H 2 0 + HF 

triple superphosphate 

A considerable saving in freightage and transportation n ^ohate! 

by the use of triple superphosphate instead of the ordinary SU P P obtained 
Phosphorus is also available for use as a fertilizer in the basic j g 
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from basic processes of steel making. This material is chiefly composed 
of calcium silicophosphate, Ca^PO^ . CaO . Si0 2 . 

Mortar and Cements 

Mortar as used by builders is made by mixing slaked lime with sand and 
water. On standing, the water is lost by evaporation and absorption into 
the brickwork, whilst the slaked lime is converted, by the action of 
atmospheric carbon dioxide, into calcium carbonate; the sand acts as a 
diluent which prevents the mortar from cracking as it sets. 

Portland cement is made by mixing and calcining certain types of 
limestone with clay and sand in a long, horizontally-mounted, rotating 
furnace termed a cement kiln.” The raw materials are mixed with water 
to produce a fine sludge or slurry which is then fed continuously into 
the kiln. The kiln is usually heated by means of pulverized coal. The 

nodules which result from this calcination are cooled and then ground 
to a very fine powder. b 

In use, cement is mixed to a paste with water when it undergoes a scries 
of changes which results in the setting of the material to a hard mass 
exhibiting considerable mechanical strength. The essential constituents 
ot Portland cement are given as follows— 


Table 85 

Essential Constituents oj Portland Cement 


Formula 

Name 

Abbreviation 

2CaO. Si0 2 . 

3CaO . Si0 2 . 

3CaO. A1 2 0 3 ’ * 

4CaO. Al 2 0 3 .Fe 2 0 3 . 

MgO • • . . 1 

Dicalcium silicate 

Tricalcium silicate 

Tricalcium aluminate 
Tetracalcium aluminoferrite 

In free state 

C 2 S 

C 3 S 

c 3 A 

c 4 af 


It is generally agreed that the hardening of cement takes place by virtue 

L'eneral'trend nTfh ° f , h >' drolysis; the followin g reactions indicate the 
general trend of the changes involved— 

C,S 4 


aHoO 


C 3 s + jcH 2 0 


> C 2 S . A-H 2 0 

amorphous 

* C 2 S . aH 2 0 

amorphous 

C 3 A + 6H 2 0 C 3 A . 6H a O 

crystalline 


Ca(OH) 2 

crystalline 
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C 3 A + 3(CaS0 4 .2H 2 0) + 25H 2 0 -> QA . 3CaS0 4 .31H 2 0 

C 4 AF + *H 2 0 -»■ QA. 6H 2 0 -h CaO. Fe 2 0 3 . ( x— 6)H 2 0 

crystalline 

MgO + H 2 0 -> Mg(OH ) 2 

The relationship of the strength of Portland cement to the constituents 
is indicated in Table 86 . 


Table 86 

Relationship of the Strength of Portland Cement to its Constituents 


Compound 
{see Table 85) 

Function 

• • • • • | 

1 

Responsible for “flash set” (initial set) 

CjS • • • • • 

Responsible for first strength (at 7 to 8 days) 

C 2 S and C 3 S .... 

Responsible for the final strength (at one year) 

Fe 2 0 3 , A1 2 0 3 , and Mg 

These render a lower clinkering temperature 
possible 


Concrete is made by mixing cement with gravel or ballast; when mixed 
with water the pasty mass may then be poured into moulds in which it sets 
to a hard, rock-like mass. With the object of enhancing the strength, 
steel rods are often placed in the mould prior to pouring in the concrete, 

this material is termed reinforced concrete. 

The material described above is ordinary (or regular) Portland cement, 
but other varieties are also in production. Thus, High-Early-Strength 
(H.E.S.) cements are made from a material with a high lime-to-silica 
ratio; they contain a higher proportion of tricalcium silicate than regular 
Portland cements and hence harden more quickly and with greater evolu¬ 
tion of heat; Chemical or Sulphate-Resisting cements are higher in 
tetracalcium aluminoferrite and lower in tricalcium aluminate than the 
regular cements. High Alumina cements are made by fusing a mixture ot 
bauxite and limestone; these materials are characterized by a very 
rapid rate of development of strength and superior resistance to sea water 

and sulphate-bearing water. . . 

Sorel cement is made by the addition of a strong solution of magnesium 
chloride to finely ground, caustic calcined magnesia. This material, 
sometimes known as magnesium oxy-chloride cement sets har in r 
to four hours; this material is principally used in composition floors 
such flooring having the advantage of being non-slip, fireproof, no 
easily scratched, durable, and capable of taking a wax or oil polish. 




CALCIUM 


511 


Water Treatment and Conditioning 

Hard water is a natural water which does not readily give a lather with 

soap. This hardness of certain waters is due to the presence of metallic 

safts vdueh may be divided into two groups, (a) the bicarbonates, and 

(b) the sulphates, chlorides and nitrates. These salts are usually of the 

metals calcium and magnesium although iron and sodium are also present 
in some instances. r 

The bicarbonates give rise to what is known as “carbonate” or temporary 

hardness , which is removed if the water is boiled. On the other hand the 

sulphates, chlorides and nitrates give rise to permanent hardness which 
is not eliminated by boiling. 

There are at present a number of different methods employed on a 
below 80316 f ° r Wat6r COnditionin S- The y wil1 be described individually 

Lime-Soda Process. This was the first process to be applied to water 
conditioning and in its modern application may be divided into, (a) the 
cold lime process, and ( b ) the hot lime-soda process. The calcium ions are 

hydroxide* 8 Carb ° nate and the ma S"esium ions as magnesium 

as follows Carbonate ' or tem porary hardness the essential reactions are 


i 211,0 

CaC0 3 * 


i 2H 2 0 


( 1 ) 

( 2 ) 


CaCO, l 


(3) 


Ca(HC0 3 ) 2 + Ca(OH ) 2 = 2CaC0 3 . 

Mg(HC0 3 ) 2 + Ca(OH ) 2 = MgC0 3 + 

Then since the MgCO :J is fairly soluble— 

M gC0 3 + Ca(OH ) 2 = Mg(OH ) 2 4 

For the non-carbonate soluble calcium and magnesium salts the 
following are the essential reactions— 6 

MgCl 2 + Ca(OH ) 2 = Mg(OH ) 2 j + CaCl 2 . 

CaCl 2 + Na 2 C0 3 = CaC0 3 J. + 2NaCl 
CaS0 4 + Na,C0 3 = CaC0 3 I + Na 2 S0 4 


(4) 

(5) 

( 6 ) 


MgS0 4 + Na. 2 C0 3 + Ca(OH ) 2 = Mg(OH ) 2 | + CaC0 3 | + Na 2 S0 4 ( 7 ) 

L h r e fi “‘ dl r e in wb ieh only lime is used is chiefly of use for 

Lc,i„™ (“ToVo^'" m “" iCipal "‘PI’"' 5 - P«*ess only 

preolpimion m fa c iliia“d“„"d mncS 

dioxide and air are driven out of solution. g rb ° n 
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Zeolite Softening Process (also known as the “base-exchange process”). 
The name zeolite is a name applied to a class of complex, hydrated 
alumino-silicates which contain easily exchangeable ions such as sodium 
and potassium, hence the name base-exchange. During this softening 
process the calcium and magnesium ions are removed from the hard 
water by the zeolite and replaced in the water by sodium and/or potassium. 
This process of water conditioning is, therefore, essentially a cation- 
exchange process. 

The following are typical reactions for the changes occurring during 
water conditioning, the symbol Ze representing a zeolite. 

Ca(HCO s ) 2 + Na 2 Ze = CaZe + 2NaHC0 3 . . (8) 

CaCl 2 + Na 2 Ze = CaZe + 2NaCl . . . (9) 


Corresponding reactions occur in respect of magnesium compounds. 

After a time the zeolite becomes exhausted and has to be regenerated; 
this is done by passing a strong solution of sodium chloride through the 
softening plant when the following reaction occurs— 

CaZe -f 2NaCl (in excess) = Na 2 Ze -f CaCl 2 . . (10) 


During regeneration the effluent containing dissolved calcium chloride 
is allowed to flow to waste. 

Demineralization or Deionizing Process. In addition to the zeolites 
described above there are now available ion-exchange materials which will 
remove completely all the dissolved salts from naturally occurring water. 
These ion-exchange materials may be divided into two groups; (i) cation 

exchangers; and (ii) anion exchangers. 

The cation exchangers are chiefly of organic origin and are either 
sulphonated natural organic materials or synthetic organic resins contain¬ 
ing active sulphonic groups and derived from phenol-formaldehyde or 
polystyrene resins. They contain an exchangeable hydrogen ion and may 
be designated as H 2 Z. When water containing soluble salts is passed 
through such a cation-exchange material reactions take place of whic 

the following are typical— 


HoZ + CaS0 4 = CaZ + H 2 S0 4 
H 2 Z + MgCL, = MgZ + 2HC1 
H 2 Z + Ca(HC0 3 ) 2 = CaZ + 2H 2 Q + 2CO a 


. ( 11 ) 
. ( 12 ) 
. (13) 


where Z represents the ion-exchange material insoluble ini water. 

Since acidic water is undesirable for most purposes the effluent irom 
cation-exchange treatment is either neutralized, or if demmerah^tion 
required, is passed through an anion-exchange material. Such materials 
consist largely of condensation products of amines with formaldehyd . 


CALCIUM 


513 

The acid removal may be either an absorption of the total acid considered 
as a molecule— 


(fl) 


R 3 N + HC1 = RoN . HC1 


anion-exchange 

material 


• (14) 


or an anion exchange, as indicated below for a hydroxide-regenerated 
anion exchanger in the form of a quaternary ammonium base. 


H 


(b) 


H 


R 3 N<; + HCl = R,N< 4- HoO 


anion- 'OH 
exchange 
material 


3 A \ i 

ci 


• (15) 


Since the cation-exchanger possesses a limited capacity for hydrogen 
exchange, regeneration is necessary from time to time. This is carried out 



EFFLUENT 


r Lu^/r / 

Fig. 166. Diagrammatic Layout of Plant for Demineralization of Water 

by passing a solution of hydrochloric acid through the material • the 
calcmm, magnesium and sodium ions held by the material are’ thus 
expelled and replaced by fresh replaceable hydrogen ions. The effluent 

rearL 2 h‘ S . process of regeneration is allowed to flow to waste The 
reaction during regeneration is as follows— ’ ne 

CaZ + 2HC1 = H 2 Z + CaCl 2 . . (I6) 

Alternatwely sulphuric acid may be used instead of hydrochloric acid 
In a similar manner regeneration is necessary in the case of the anion 
exchanger, but in this case regeneration is carried out by passing a solu ion 

W-sssrr ,h ' " ion “•“s' »i.« r 

2(R 3 N . HCl) + Na 2 CO, (excess) = 2(R 3 N) + 2NaCl + H 2 0 + CO a . (j 7) 

This double treatment thus deionizes the water and this nrocesc k n 

Sfg, is c rr ,bted= 

shown in Fig. 166. a ‘ SSOlVed Sol,ds - The g ener al layout of the plant is 
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Phosphate Conditioning. Sodium hexametaphosphate, (NaP0 3 ) 6 , also 
known as “Calgon,” is capable of softening water by reason of the fact 
that it forms soluble complexes with calcium, magnesium, iron and alumi¬ 
nium and thus prevents the formation of scale when the phosphate is 
present in excess and when the water is not too hot. These characteristics 
have led to the so-called “threshold treatment” of water by the addition 
of as little as half to five parts per million of this hexametaphosphate. 


STRONTIUM 

Occurrence. The chief minerals of strontium are the sulphate and car¬ 
bonate; these are— 


Celestine , SrS0 4 , mined at Yate in Gloucestershire; and Strontianite , 

SrC0 3 , the most important deposits being found in Westphalia. 

Extraction and Properties of Strontium. Strontium is extracted either 
by electrolysis of the fused chloride, or alternatively by the thermal reduc¬ 
tion process using metallic aluminium as reducing agent; this is followed 
by re-distillation at 1000°C. In this latter process the metal has a purity of 
99*6 per cent strontium. 

Strontium is yellowish in colour and resembles calcium in many of its 
properties, although in general it is more reactive than calcium. Uses of 
strontium include its application for the de-oxidation of copper and to 
promote sound castings. It also finds application as a minor constituent 
in a number of non-ferrous alloys. 

Strontium has a wide variety of uses, especially in the beet-sugar 
industry, in the manufacture of fireworks, flares, torches and signals in 
which the brilliant crimson flame characteristics of strontium and its 
compounds are desired, and to a minor extent for pharmaceutical purposes. 

Strontium Hydroxide, Sr(OH) 2 , is a moderately strong base which reacts 
with sucrose to form an insoluble compound, thus the recovery is made 
possible of much sucrose from beet molasses containing considerable pro¬ 
portions of uncrystallizable invert sugar. 

Strontium Carbonate, SrC0 3 , is used in the manufacture of certain 

special glasses. 

BARIUM 


Occurrence. The chief minerals of barium are— 

Barytes (or Heavy spar), BaS0 4 , found in Derbyshire and in Virginia 
(U.S.A.); Witherite , BaC0 3 , found near Hexam in Northumberland. 

Extraction, Properties and Uses of Barium. Barium is usually extracted 
by the Guntz process in which barium oxide (3 parts) is heate wj 
aluminium (1 part) to a temperature of approximately 1200 C, under a 
high vacuum. Sometimes, instead of aluminium, ferrosihcon is emp oy 
when a slightly higher temperature, 1250°C, is needed. 
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Barium when pure exhibits a white metallic lustre, although when 
contaminated with nitride it has a yellowish appearance. It is malleable 
and is about as hard as sodium. It is a very reactive metal, being 

in moist air and in hydrogen. It tarnishes 
rapidly in dry carbon dioxide and when heated readily burns with a 
brilliant green flame to the oxide, BaO. 

The metal finds application in the radio industry where it is used to 

clean up the last traces of gas in vacuum tubes. The ternary alloys of 

lead, calcium and barium are employed as bearing alloys. These alloys 

are usually prepared by electrolysis of the fused chlorides using a cathode 
of molten lead. b 

Compounds of Barium 

Oxides. Banum forms two oxides, the monoxide , BaO and the peroxide 

Ba0 2 . Barium monoxide is best made by heating the hydroxide or the 

nitrate at red heat. It may also be prepared by heating the carbonate but in 

his case the carbonate should be mixed with a little charcoal to facilitate 
the decomposition— 

BaCO a + C = BaO + 2CO f 

Barium monojiicie is a white powder which slakes on contact with water 
a considerable quantity of heat being evolved. 

If barium monoxide is heated in air at a temperature of 450-500 C 
anum peroxide, Ba0 2 , is produced; the reaction involved is as follows— 

• A 


2BaO + O 


in air 


- 2Ba0 2 + 24-2 cal. 


This leaction which is reversible, was the basis of the now obsolete 
Brin s process for the manufacture of oxygen (see p. 380> In this 
reaction the formation of barium peroxide is favoured by an increase in 

hvrtmpe' P eroxide ma Y also be formed as its octahydratc when 

y g n peroxide is added to a cold, saturated solution of barium 

Se soSon ry Thi S theJ he 1 ° CUhydrate ’ Ba0 z • 8H 2 0.may be separated from 
It kT" 1 ” ydroxid J e > Ba(OH) 2 , is obtained when the oxide is slaked 

aHSK-SSSS s s 

Of tariZSIS; Je7af™ ra ' me,h °‘' i *" f “ “» P»P»*k» 

(a) fr ° m badUm Carbonate b y action of the appropriate acid; 
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( 6 ) from barium sulphate either by fusion with excess sodium 
carbonate followed by treatment as under ( a ), or alternatively, by 
strongly heating with carbon to form barium sulphide which is then 
dissolved in the appropriate acid. 

Barium Sulphate, BaS0 4 . Used extensively in the manufacture of the 
pigment, “lithopone,” and in the finely divided state as an extender in paints, 
it is also used as a loader for paper, soap, rubber and linoleum. A recent 
and increasingly important use is as a heavy medium in muds which are 
poured into oil-wells to hold back gas during boring operations until the 
casings are inserted. 

Precipitated Barium Sulphate or blanc fixe is whiter and finer-grained 
than the powdered barytes. Blanc fixe is largely used as a base for dye¬ 
stuffs, as a filler in enamel paints and for coating paper. Barium sulphate, 
being insoluble and opaque to X-rays, forms an important constituent of 
the “barium meal” which is given to patients previous to radiographing 
the internal digestive organs. 

Barium Sulphide, BaS, is prepared by the reduction of barium sulphate 
with carbon. It reacts readily with water, forming the hydroxide and the 
hydrosulphide, thus— 

BaS + 2H 2 0 = Ba(OH) 2 + Ba(HS) 2 

The chief use of barium sulphide is in the preparation of lithopone , an 
intimate mixture of barium sulphate and zinc sulphide, both compounds 
being co-precipitated as follows— 

BaS + ZnS0 4 = BaS0 4 i + ZnS I 

Lithopone is an extremely important paint pigment. Unlike white lead, 
for which it is often substituted, lithopone is non-poisonous and is not 
discoloured by the presence of sulphurous gases. Lithopone is also 
employed as a filler in the manufacture of rubber, linoleum, oilcloth and 
paper. 

THE METALS OF GROUP lib 

The metals of Group II b of the Periodic Classification are related to the 
alkaline earths in the same way as the Coinage metals are allied to the 
Alkali metals. Magnesium in Group II a and zinc in Group lib have 

many properties in common. 

Beryllium and magnesium may be regarded as a link between the me 
group and the Alkaline earth group. 

ZINC 

Occurrence. The chief source of world’s supply of zinc is the nuneral 
zinc blende, ZnS, also known as sphalerite, but two other minerals, 
calamine, ZnC0 3 (also known as smithsonite), and hemimorphite. 
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2ZnO . Si0 2 . H 2 0, make important contributions to the world’s supply 
of zinc metal. These three minerals usually occur in association with 
lead minerals, particularly galena—naturally occurring lead sulphide. 
Thus both zinc and lead minerals are mined together, and many of the 
most productive zinc mines are also the most productive lead mines. Such 
zinc-lead ores are mined at the Sullivan Mine in British Columbia, 
Broken Hill (New South Wales), the Bawdwin mines in Upper Burma and 
the mines in the Oklahoma region of the U.S.A. 

Extraction of Zinc 

Zinc is extracted both by pyrometallurgical and by electrolytic methods 

Pyrometallurgical or Thermal Method. The original process for the 

extraction of zinc was a thermal one and is still employed to a large extent 

today. In the thermal reduction process the roasted or calcined ore is 

reduced by strongly heating with carbon in retorts, and the zinc is formed 

as a vapour which is condensed and collected in receivers outside the 
reduction furnace. 

t cas ® of sulphide ores the material, after initial crushing, is 

treated by differential flotation in order to eliminate as far as possible the 

galena which is almost invariably present. The concentrate thus obtained 
is roasted when the following reaction occurs_ 

2ZnS + 30.> = 2ZnO + 2S0 2 t 

The exhaust gas from the roaster, containing about 6 per cent sulphur 

d oxide !S withdrawn by suction, purified and usually converted into 
sulphuric acid in a Contact Sulphuric Acid plant. 

Ores other than sulphide ores are calcined in mechanically operated 

«SdT w “" 

This zinc oxide is then reduced by strongly heating with carbon in 

the metallic 2inc .» f°™ed as a vapftTr whichl condensed and 
o lected in receivers outside the reduction furnace. Two types of reduc¬ 
tion process are employed at the present time. They are (a) e horizontal 
process, and ( b) the vertical process. The former is the older of the i™ 

out'com^numisly 0 ' ^ '’“*«*** ° perati0n - VertlCal Auction is carried 
■ h" °‘ der horizontal P r °cess the zinc oxide mixed with anthracite 

Ohil Lh p L r of producer gas, a temperature of 1400°-1450°C being 
tamed. Each furnace or bank contains from 380 to 400 such retortf 

SiBSSHB-S «=j 
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zinc distils from the retort and is collected in the condenser; the reaction 
involved is 

ZnO + C ^ Zn + CO f 

Since this reaction is reversible it is necessary to use an excess of carbon, 
and also to ensure the ready removal of the zinc. The liquid zinc is then 
ladled into moulds to produce slabs of crude zinc. This material is known 
as “ spelter Since the boiling points of cadmium and zinc are 767°C and 
907°C respectively any cadmium present in the ore along with the zinc 
will distil over in the first fractions of the distillate and so may be removed. 

In the vertical retort process the roasted zinc concentrates are briquetted 
with a bituminous coal of high coking qualities together with a little sul¬ 
phite lye and clay to serve as binders. The briquettes are then coked at a 



PROLONGS 


WORKING 

LEVEL 


RETORTS 



CONDENSERS 


Fig. 167. Distillation of Zinc 


temperature of approximately 800°C, the red-hot briquettes then being 
transferred to the top of the vertical retorts. Each vertical retort consists 
essentially of a tower having an inner carborundum chamber of cross 
section 7 ft by 1 ft, in a silica brick combustion setting; each retort has an 
upper portion 14 ft 6 in. high which is unheated, the lower portion, for 
a height of 27 ft 6 in., being heated by the combustion of producer gas. 
Reduction of the zinc occurs at temperatures above the boiling point of the 
metal and the zinc passes through downcomers into sumps from which it is 
tapped off at six-hourly intervals. The product is of 99*7 per cent zinc 
content. This zinc is then separated from cadmium, iron and lead by 
fractional distillation. Resulting from this process a product having 

99-99 per cent zinc content may be obtained. 

Electrolytic Method. In this method the crude ore is roasted as in the 
case of the thermal method; the ore is then leached with dilute sulp uric 
acid. The resulting solution is purified from such elements as copper, 
cobalt, iron, antimony and arsenic by treatment with powdered zinc an 
with ferric hydroxide. The solution of purified zinc sulphate is e 
electrolyzed in large concrete tanks lined with lead or with rubber. 
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anodes are of chemically pure lead, the cathodes of aluminium. The 
electrolyte is worked at a temperature of 35°-45°C, and a cell voltage of 
3'25-3-5 volts maintained at a current density of 30-40 amp/ft 2 . °The 
zinc is stripped from the aluminium cathodes and then melted down to 
give a material of high purity, 99-99 per cent zinc. 

The chief chemical reactions occurring in the electrolytic process are 
as follows— 

Roasting 2ZnS + 30 2 = 2ZnO + 2S0 2 f 

Leaching ZnO + H 2 S0 4 = ZnS0 4 + H 2 0 

Electrolysis 2ZnS0 4 + 2H 2 0 = 2Zn + 2H 2 S0 4 + 0 2 f 

The electrolytic process is particularly suited for recovery of the metal 
from complex zinc ores. 


Physical Properties of Zinc 


(a) Zinc is a white metal with a bluish tinge, it has a bright metallic 
lustre on a freshly fractured surface and is capable of taking a high polish. 

(WTr haS b ° th a l0W melting P. oint ( 419 ' 5 ° c ) and a low boiling point 

(c) It is a relatively poor conductor of electricity and heat, being only 
about one-quarter that of silver in each case. 

(d) Zinc is soft enough to be marked with a knife. 

(e) At ordinary temperatures it is not malleable or ductile, but between 
110 and 150 C, it may be worked readily, rolled into thin sheet or drawn 
into wire. At temperatures in excess of 150°C, it loses its workability again. 

Chemical Properties of Zinc 


(a) In dry air at atmospheric temperature zinc is very stable, but if 

heated n takes fire at about 500°C, burning with a greenish-blue flame to 
torm zinc oxide, ZnO. 

filmifk m ° 1St k‘ r ’ Z ‘ nC Sl ° wly tarnishes owin g to the formation of a 
further atte C c r rb ° nateS; ^ ^ ‘ S adherent and Protects the metal from 

the boiling point of water, pure zinc is only attacked slowly, but 
at red heat the metal readily decomposes steam thus_ 

Zn + H 2 0 = ZnO + H 2 t 

zinc' > nftride C °Zn b N eS ^ the halogens and with nitrogen to form 

zinc nitride, Zn 3 N 2 . This latter compound is also prepared bv heating 

r,r; zL *■» -<>' 

Comm ercial zinc, that is zinc containing small amounts of impurities 
dissolves readily in dilute acids, but high-purity zinc is onl^SSS 
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slowly. The purity of a specimen of zinc may thus be judged by rate of 
dissolution. Hydrogen is evolved when either sulphuric acid or hydro¬ 
chloric acid is used, but when nitric acid is employed a gaseous mixture 
of nitric oxide, nitrous oxide and ammonia is evolved, the proportions 
differing according to the strength of the acid. 

The ready manner in which impure specimens of zinc dissolve in dilute 

acids is due to the establishment of galvanic couples between the impurities 
and the zinc. 

Concentrated sulphuric acid attacks zinc with the evolution of hydrogen 
sulphide and the precipitation of sulphur. 

(/) Because of the liberation of nascent hydrogen in the presence of 

dilute hydrochloric or sulphuric acids, zinc is a very good reducing 
agent. 

(g) Zinc reacts with aqueous solutions of potassium or sodium hydrox¬ 
ides to form soluble zincates, thus— 

Zn + 2NaOH = Na.,Zn0 2 + H 2 t 

sodium zincate 

These reactions with caustic alkalis are sometimes used as a means of 
providing hydrogen. 

(//) Zinc is a strongly electropositive metal and will therefore displace 
many other metals from aqueous solutions of their salts. This fact is of 
considerable industrial importance in connexion with the extraction of 
copper (see p. 457), and the extraction of silver (p. 469) and gold (p. 480). 

Uses of Metallic Zinc. The most important property of zinc to which the 
bulk of its application is due, is its comparatively high resistance to 
corrosion. It is thus widely employed for the protection of iron and of 
mild steel. 

Galvanized sheets are made by (a) hot-dipping, (b) metal spraying, and 
(c) electrodeposition. In hot-dipping the mild steel sheets are pickled 
in acid (usually hydrochloric acid) and then immersed in molten zinc; 
after withdrawal from the bath the superfluous zinc is removed by passing 
through rolls. The zinc crystallizes on the surface of the mild steel in the 
form of large polygonal grains or “spangles.” In metal spraying a very 
fine mist of molten zinc droplets is sprayed by means of a special type of 
pistol on to the surface of the mild steel. Electrodeposited coatings of 
zinc are deposited from the sulphate solution in a similar manner to that 
employed for the electrolytic extraction of zinc. 

Iron and steel articles are also coated with zinc by means of the process 
known as “Sheradizing” in which the clean and scale-free articles are 
packed in a rotating drum with zinc dust. The drum and its contents are 
heated to a temperature of about 300°-400 c C, for a period of several 
hours. Under these conditions, although below the melting point of zinc, 
a firmly-adherent coating of zinc is obtained on the ferrous article. Zinc 
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is also used in the form of electrodeposited coatings on articles made in 
various alloys. 

Other important applications of zinc are for the manufacture of brasses 
(copper-zinc alloys), and, in the pure form, for the manufacture of 
zinc-base die casting alloys; these latter alloys of which the following 
composition is typical—4 per cent zinc, 2-7 per cent aluminium, balance 
zinc—exhibit excellent shock resistance and ductility, and also are of a 
lower cost than either aluminium-base or magnesium-base alloys. Zinc- 
base alloys constitute about 65 per cent of all die castings used in auto¬ 
mobiles; they are also used in the fabrication of domestic and office 
appliances. 

Other uses for zinc include its application to the manufacture of zinc 
compounds and for making zinc sheet for dry batteries. 

Granulated zinc is made by pouring a stream of molten zinc into cold 

water. Since this form is convenient for weighing and also since it has a 

large surface area it is the form of the metal most commonly used in the 
laboratory. 

Zinc dust (also known as zinc grey or blue powder ) is prepared by 
allowing molten zinc to run in small streams through holes in the bottom 
of a graphite crucible, where it is immediately caught by a blast of com¬ 
pressed air, atomized, and blown into a settling chamber. The particles 
of zinc are cooled so rapidly that very little oxidation occurs. The fine¬ 
ness of the dust is controlled by air pressure, size of the stream of molten 

zinc, and the design and location of the stream with respect to the air 
nozzle. 

On a commercial scale zinc dust is used as a precipitant in electrolytic 
processes of zinc extraction, for Sheradizing and as a metallic pigment in 
certain types of paint. The metal content of zinc dust averages upwards 
of 95 per cent zinc, the remainder being oxide. 


Compounds of Zinc 

Zinc Oxide, ZnO (Zinc white or Philosopher’s wool). In the laboratory 
zinc oxide may be prepared by heating the metal in air, or by heating the 
hydroxide, the carbonate or the nitrate. On a commercial basis zinc 
oxide is prepared either by the direct oxidation of volatilized zinc, or 
alternatively from the ore which is roasted and reduced in the manner 
described for the thermal extraction process, but instead of collecting the 
zinc, the vapour is oxidized, the oxide being collected. 

Properties of Zinc Oxide 


(«) Zinc oxide is a white powder which on heating changes to a yellow 
colour. It reverts to a white colour on cooling. 

red^heat he ^ rCadlly reduced to nietal by heating with carbon at 
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(c) It reacts with moisture and carbon dioxide when exposed to the 
atmosphere. 

(d) It is practically insoluble in water. 

(e) With acids, zinc oxide forms zinc salts. 

(/) It also reacts with alkalis forming zincates, thus— 

ZnO + 2NaOH = Na 2 Zn0 2 + H 2 0 

sodium zincate 

Zinc oxide may therefore be classified as an amphoteric oxide. 

(g) When zinc oxide is heated with cobalt nitrate, a solid solution of 
cobalt zincate CoZn0 2 in zinc oxide is formed. This solid solution has a 
characteristic green colour. Its formation is used as a test for the presence 
of zinc in the charcoal block test for zinc. This green pigment is known as 
RinmarCs Green. 

• • 

Uses of Zinc Oxide. Zinc oxide is an important white pigment; it is 
regarded as the truest white that can be obtained and, in addition, its 
colour is unaffected by the gases of the atmosphere. 

It is used in the manufacture of glasses which must exhibit a low 
solubility in water, in hydrochloric acid and in sodium carbonate; it is 
also used in the manufacture of certain types of porcelain. Other applica¬ 
tions include its use as a filler in the manufacture of rubber and, because 
of its antiseptic qualities, as a constituent of ointments. 

Zinc Hydroxide, Zn(OH) 2 , is obtained as a white precipitate when a 
solution of either sodium or potassium hydroxide is added to the solution 
of a soluble zinc salt. 

Zn++ + 2(OH)' -> Zn(OH) 2 I 

An excess of the caustic alkali must be avoided otherwise the insoluble 
zinc hydroxide will react to form the soluble zincate. 


Properties of Zinc Hydroxide 

(a) Zinc hydroxide is a white powder which is almost insoluble in 
water. 

(b) It reacts with acids to form the corresponding zinc salts. 

(c) With sodium and potassium hydroxide solutions it reacts to o 

soluble zincates, thus— 

Zn(OH) 2 + 2NaOH = Na 2 Zn0 2 + 2H 2 0 

The hydroxide thus exhibits amphoteric properties like the oxide. 

( d ) In ammonium hydroxide zinc hydroxide also “dissolves, u 
to form a soluble zincate; instead the complex cation, [Zn . 4 3 J 

formed. . , , .. he 

It is to be noted here that although ammonium hydroxide m; y 

employed to precipitate zinc hydroxide from the aqueous so u t 

zinc salt, such precipitation will not occur if an ammonium s P 
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along with the ammonium hydroxide. The reason for the absence of 
precipitate is because (i) the common ion effect reduces the effective 
concentration of (OH)' ions, and (ii) the zinc is removed to large extent 
as the complex ions [Zn . 4NH 3 ] ++ , with the result that the solubility 
product of zinc hydroxide is not attained, and therefore, zinc hydroxide 
is not precipitated. On the other hand the concentration of zinc ions 
Zn ++ is sufficiently high to allow the precipitation of zinc sulphide 
when hydrogen sulphide is passed through such a solution since the 
solubility product of zinc sulphide is lower than that of zinc hydroxide 

These facts are of importance in the separation of zinc from other metals 
in qualitative analysis. 

Zinc Salts 

Zinc only forms one series of salts and these in general are colourless and 
readily soluble in water. 

• ^ ^ ar * )0nate ’ ZnC0 3 (Calamine). This compound may be prepared 
in the laboratory by adding an aqueous solution of sodium bicarbonate to 
the solution of a soluble zinc salt, thus— 

Zn++ + 2(HC0 3 )' -> ZnCO a j + H 2 0 + CO, 

If instead of sodium bicarbonate, the normal carbonate is employed the 
precipitate will consist of basic zinc carbonate, ZnCO.>. 2Zn(OH).,. H 0 0- 
other basic carbonates are also known. 

Zinc carbonate is a white powder which readily decomposes on heating. 
Zinc carbonate finds application for manufacture of preparations for the 
treatment of the skin for example calamine lotion, (1 g zinc carbonate, 

5 ml lime water, 12 ml glycerine and 30 ml water) 

,f inC '?' 0rid u e ’ ZnCI * (Butter Z^c). Hydrated zinc chloride may be 
obtained by the action of hydrochloric acid ufftin zinc, or its oxide 

hydroxide or carbonate; evaporation of the resulting solution gives rise 
to the separation of crystals of the monohydrate, ZnCI 2 H O 

The anhydrous salt may be obtained by passing either chlorine or 

^dZdmtd 0 bvVelt r ^ ^ the hydrated sah may 

be dehydrated by heating in a stream of chlorine or of hydrogen chloride 
Properties of Zinc Chloride 

(a) Anhydrous zinc chloride is a white, very deliquescent solid. 

100 g of waten “ WatC ’'’ at 2 °° C 350 6 of the salt dissolving in 

o n a i d ‘!- 0n lu t^ monohydrate, other hydrates are known. 

(d) On heating the hydrated salt the oxychloride is formed, thus— 

(') ZnCl 2 . H 2 0 = ZnCl 2 + H a O t 
(ii) ZnCl 2 + H 2 0 ^ Zn(OH)Cl + HC1 f 
At higher temperatures zinc oxide is also formed. 
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Uses of Zinc Chloride. Zinc chloride is employed as a catalyst and as a 
dehydrating agent in organic chemistry. A solution of zinc chloride made 
by dissolving the metal in hydrochloric acid, some free acid remaining, 
is known as killed spirits and finds application as a flux in soft soldering. 
It is also used as a wood preservative. 

Zinc Sulphate, ZnS0 4 (White Vitriol or Zinc Vitriol). In the laboratory 
zinc sulphate may be prepared by the action of sulphuric acid upon the 
metal, or upon its oxide, carbonate or hydroxide. The solution obtained 
is evaporated and the heptahydrate, ZnS0 4 .7H 2 0 is obtained. 

On a commercial scale zinc blende is roasted, the concentrate being 
leached with dilute sulphuric acid. The resulting solution is then evaporated 
to obtain the hydrate as indicated above. 

Properties of Zinc Sulphate 

(a) Zinc sulphate is very soluble in water, 138 g ZnS0 4 .7H 2 0 dissolving 
in 100 g of water at 10°C. 

( b) The heptahydrate is isomorphous with the heptahydrated sulphates 
of iron, nickel, cobalt, cadmium, magnesium, manganese and chromium. 
Zinc shares with these metals the ability to form double sulphates of the 
type K 2 S0 4 . ZnS0 4 .6H 2 0. 

( c ) When the heptahydrate is heated it first loses six of its molecules of 
water of crystallization at 100°C; at 450°C it is converted to the anhydrous 
salt, and at still higher temperatures it is converted to zinc oxide with the 
evolution of sulphur dioxide and oxygen. 

ZnSOj. 7H 2 0 ■ -> ZnS0 4 . H a O + 6H 2 0 450 ° c -> ZnS0 4 + H 2 0 

__ 740 ° c ->- ZnO + S0 2 t + i0 2 t 

Uses of Zinc Sulphate. The principal use for zinc sulphate is in con¬ 
nexion with the manufacture of lithopone (see p. 516). Other uses include 
its use in medicine, as a disinfectant and as a mordant in dyeing 
processes. 

Zinc Sulphide, ZnS. In the laboratory zinc sulphide is precipitated by 
passing hydrogen sulphide through an alkaline solution of a zinc salt, or 
by the addition of ammonium sulphide to a solution of a zinc salt. Alter¬ 
natively, the solid salt may be prepared by heating either zinc or zinc 
oxide with sulphur. 

Although zinc sulphide is insoluble in water and in organic acids, it is 
acted upon by mineral acids with the formation of the corresponding zinc 
salts and the liberation of hydrogen sulphide. Although the pure sulphide 
in not phosphorescent, traces of impurities (particularly manganese or 
copper) cause the development of phosphorescence. This characteristic 
leads to the use of such zinc sulphide for the manufacture of luminous 
paints. It is also used as a pigment in general paint manufacture. 
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CADMIUM 

Occurrence and Extraction. Cadmium is the rarest of the common metals. 
The only cadmium mineral of importance is the yellow sulphide 
greenockite , CdS, but this never occurs in sufficient quantities to render it 
workable. Thus, all the cadmium of commerce is obtained as a by¬ 
product in the treatment of zinc ores, in which it is present as the sulphide 
in intimate association with zinc blende. But even in such zinc ores the 
content of cadmium is small, rarely being as much as 0-5 per cent. In the 
world’s most productive zinc and cadmium ore field, namely the Tri-State 
region of Oklahoma, Kansas and Missouri in the U.S.A., the ores average 
only about 0-3 per cent cadmium. 

The cadmium-containing zinc obtained in the thermal reduction of 
zinc ores is subjected to fractional distillation when, because of the 
different boiling points of cadmium (767°C) and zinc (907°C), the two 
metals are separated one from another. In this fractional distillation, 
fractionating columns are employed, each about 48 ft high. The linings 
of these columns and retaining trays are made of carborundum. 

Properties and Uses. Cadmium is a metal exhibiting a tin-white colour. 
It is soft metal. It has a low melting point (320-9°C) and a low boiling 
point (767°C). It is stable in dry air, but in moist air it becomes coated with 
oxide and carbonate. It dissolves in acids to form the corresponding 
cadmium salts. It is less electropositive than zinc and therefore zinc 
will precipitate cadmium from solutions of its salts. It differs from zinc 
and resembles mercury in that (a) it can form univalent compounds 
(e.g. Cd 2 0), ( b ) its hydroxide is not amphoteric, (c) its halides are non- 
deliquescent, (d) its sulphate, 3CdS0 4 .8H 2 0 is not a vitriol. 

Cadmium is used as an electrodeposited coating, and also as a metal 
sprayed coating for the protection of small steel articles such as nuts, 
bolts and locks. 

Cadmium is also used to a limited extent as a de-oxidizer in the melting 

of aluminium, silver and nickel alloys. It is also a major constituent in a 

number of low melting-point alloys, (e.g. Wood’s metal, 50 per cent Bi; 

12*5 per cent Cd; 25 per cent Pb; 12-5 per cent Sn, which melts at 
65°-68°C). 

Recently cadmium, in the form of rods, has been used in the atomic 
pile to retard the reaction by which 238 U is converted to 235 U. 

Compounds of Cadmium 

Cadmium Oxide, CdO, is a brown powder prepared either by heating the 
metal so that it oxidizes, or by heating cadmium hydroxide, carbonate 
or nitrate, or by roasting cadmium sulphide. It does not react with 
aqueous solutions of caustic alkalis, but when fused with potassium or 
sodium hydroxide it forms cadmiates, (e.g. Na 2 CdO,>). 
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Cadmium Sulphate, 3CdS0 4 .8H 2 0, is prepared by the action of sul¬ 
phuric acid on the oxide. This compound is used in the construction of the 
Weston cell, a standard of e.m.f. 

Cadmium Sulphide, CdS, is sometimes called cadmium yellow , and 
finds application as a pigment; with selenium it gives the vivid red pigment, 
cadmium red. 

MERCURY 

Occurrence. Although a little mercury is found native in the form of 
globules in certain rocks, almost all the mercury of commerce is obtained 
from its only important ore cinnabar , HgS. Cinnabar is found and mined 
at Almaden in Southern Spain, in Tuscany in Italy, at Idria near Trieste, 
in California in the U.S.A., and at Nikitovka in the Donetz coal-basin of 
the Ukraine. 

Extraction. In modern plants mercury is extracted from cinnabar by 
roasting the ore in retorts with lime or iron which, by combining with the 
sulphur, allows the liberation of the mercury. The mercury distils over 
and is collected in water-cooled condensers. The crude metal is then 
purified by distillation. 

Mercury is sold on the market in strong wrought iron “flasks” containing 
76 lb of mercury. The standard “flask” holding this amount of mercury 
is the market unit of quantity. 

Physical Properties of Mercury 

(< a ) At the temperature of the atmosphere mercury is a silvery-white 
liquid. It solidifies at — 38*3°C to a solid metal which is both malle¬ 
able and ductile. In the liquid state mercury is sometimes termed 
quicksilver. 

(, b ) Mercury has a high density, 13*55 g/cm 3 at 20°C. 

(c) Mercury is appreciably volatile at atmospheric temperature; this 
volatility is increased by the presence of impurities. The vapour of 
mercury is very poisonous. 

Chemical Properties of Mercury 

(a) At atmospheric temperature mercury does not tarnish, but when 
heated in the air, or in oxygen, it is slowly oxidized, forming mercuric 
oxide, HgO. 

(b) It is unaffected by water. 

(c) Mercury reacts vigorously with the halogens to form the correspond¬ 
ing halides. 

(d) Mercury is not attacked by hydrochloric acid or dilute sulphuric 
acid; concentrated sulphuric acid reacts with the metal to form mercuric 

sulphate and liberate sulphur dioxide. 

Dilute nitric acid acts upon mercury very slowly, forming mercurous 
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nitrate and liberating oxides of nitrogen. The concentrated acid forms 
mercuric nitrate with oxides of nitrogen. 

(e) The alkalis do not have an appreciable action on mercury. 

(/) Mercury reacts with many metals to form amalgams often with the 
liberation of heat. Mercury, however does not attack metals similar to 
iron, and it is for this reason that mercury is often stored in wrought 
iron bottles. The chief metals which form amalgams include gold, silver, 
copper, cadmium, tin, bismuth, lead and zinc. In addition it is possible 
to produce what is known as ammonium amalgam ; this latter material is 
prepared by placing a little sodium amalgam in an aqueous solution of 
ammonium chloride. 

Sodium Amalgam is made by dissolving small pieces of sodium in 

mercury. This particular amalgam reacts with water to evolve hydrogen 

and forms an aqueous solution of sodium hydroxide, just as does elemental 

sodium. The reaction of sodium amalgam with water, however, is less 

vigorous than that of sodium. Sodium amalgam finds application as a 
reducing agent. 

Zinc Amalgam is also employed as a reducing agent. Amalgams of 
gold and silver find application as dental fillings. 

Uses of Mercury. The principal uses for mercury are in the electrical 

industry for mercury-arc rectifiers, for mercury switches, for automatic 

switchgear, for the construction of thermometers and barometers and for 

use in mercury boilers in which mercury vapour is used instead of steam 

as the working substance. It also finds use in the production of high 
vacua. b 

Other uses for mercury include its application in the manufacture 
ot drugs and chemicals, this accounting for nearly 40 per cent of the 
consumption, whilst mercury fulminate used in the manufacture of 
blasting caps and ammunition consumes an additional 20 per cent. About 

per cent of the consumption is in connexion with the amalgamation 
process for the recovery of gold. & 


Compounds of Mercury 

electro valent COmpOUnds of mercur y are probably covalent rather than 

tvn^ e w Ur ^i f0rm V WO SedeS ° f com P ounds > mercurous compounds of the 
type, rtg 2 Ul 2 , and mercuric compounds of the type HpCI It is vp™ 
probable ,ha« ,he m™ 

of a divalent group of two mercury atoms —Hg_Hg_ * V 

Mercurous Compounds 

Mercurous Oxide, Hg 2 0, is precipitated as a black residue when sodium 
nydroxide solution is added to a solution of a mercurous salt— 

HggCNO^ -f 2NaOH = Hg 2 0 j + 2NaNO a -f H 2 0 
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This oxide decomposes on exposure to light, or when heated above 

1 oo°C— 

Hg 2 0 = HgO + Hg 

Mercurous Chloride, Hg 2 Cl 2 (Calomel) is made by heating a mixture 
of mercuric chloride and mercury when the mercurous chloride 
sublimes— 

HgCl 2 + Hg = Hg 2 Cl 2 

Alternatively, calomel may be prepared by heating a mixture of mercuric 
sulphate, mercury and sodium chloride when the following reaction 
occurs— 

HgS0 4 -I- 2NaCl + Hg = Hg 2 C 1 2 + Na 2 S0 4 

It is also prepared in solution by the addition of a soluble chloride to a 
solution of a soluble mercurous salt, thus— 


Hg 2 (N0 3 ) 2 + 2HC1 = HgCl 2 + 2HNO s 

Mercurous chloride is a white solid which is almost insoluble in water 
and in dilute acids. 

It reacts with sodium or potassium hydroxide to form mercurous oxide, 
but with ammonium hydroxide it forms a black mixture composed of 
metallic mercury and white mercuric amino-chloride, Hg(NH<>)Cl. Solid 
mercurous chloride reacts with ammonia gas to form Hg 2 Cl 2 .2NH 3 . The 
uses of mercurous chloride are chiefly those for medical purposes. 


Mercuric Compounds 

Mercuric Oxide, HgO, (Red Oxide of Mercury or Red Precipitate). 
Although mercuric oxide may be prepared by the heating of metallic 
mercury in air, this process is of a very slow nature. On a commercial 
scale this oxide is made by the addition of an alkaline hydroxide to the 
solution of a mercuric salt, thus— 

HgCl 2 4- 2NaOH ^ HgO j + H 2 0 + 2NaCI 

If precipitation is carried out in the cold a yellow precipitate is produced, 
but if the solution is hot a red precipitate is produced. These differences 
in colour are probably due to differing degrees of fineness of the particles 
of the precipitate, the particle size of the yellow oxide being smaller than 
that of the red oxide. On heating, the yellow oxide becomes red in 
colour which then at 500°C changes to black. When the black material has 
been produced decomposition occurs into elemental mercury and gaseous 
oxygen. Mercuric oxide is a basic oxide which reacts with acids to form 
mercuric salts; it is only very slightly soluble in water, the solution having 
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an alkaline reaction. When acted upon by ammonium hydroxide there is 
formed a yellow precipitate of Mi lion's base , 2(HgO). NH 4 OH. 

Mercuric Chloride, HgCI 2 , (Corrosive Sublimate). Mercuric chloride 
is prepared by heating together a mixture of mercuric sulphate, sodium 
chloride and a little manganese dioxide. The latter is added to prevent 
the formation of mercurous chloride. 

HgS0 4 + 2NaCl = HgCl 2 + Na 2 S0 4 

The mercuric chloride sublimes as a white translucent mass. Mercuric 
chloride is readily soluble in hot water, but only slightly soluble in cold 
water; thus 100 g of water dissolve 54 g of the salt at 100°C, but only 
4*3 g at 0 c C. In aqueous solution, mercuric chloride is slightly hydrolysed. 
Mercuric chloride is readily reduced to mercurous chloride by such 
reducing agents as stannous chloride, thus— 

2HgCl 2 + SnCl 2 = Hg 2 Cl 2 i + SnCl 4 

In an excess of stannous chloride, the mercurous chloride is reduced to 
metallic mercury, as follows— 


Hg 2 Cl 2 -f SnCl 2 = 2Hg j -f SnCl 4 

Mercuric chloride is readily soluble in alcohol and in ether. Solid 
mercuric chloride reacts with gaseous ammonia to form the complex 
compound, mercuric diammino chloride , Hg(NH 3 ) 2 Cl 2 . This compound 
is also formed when mercuric chloride is added to a boiling solution of 
ammonium hydroxide and ammonium chloride. This particular compound 
is sometimes known as “fusible white precipitate.” 

If mercuric chloride is added to a boiling solution of ammonium 
hydroxide a bulky white precipitate of mercuric amino chloride , Hg . NH Cl 
is formed;^ this compound is sometimes known as “infusible white 

F T£ ltate ”i If , thC flrst " named compound is heated it first melts (fuses) 
and then volatilize^ whereas the latter compound volatilizes on heating 
without the intermediate fusion stage. ® 

Mercuric chloride is a strong poison. It is used for the preservation 
surgery d * ^ ^ ** a ' S ° findS a PP lication m medicine and 

solmio C n U n C f IOdide ’• H§ uf iS ,P re P ared b y addin g potassium iodide to a 
olution of mercuric chloride. An excess of potassium iodide must be 

^ch^^: tia,ly precipitated as a yeiiow so,id which 

into the eS sokible° , po S lassium t ''nierairi-iodide lel K U [He! 0 f 
« alkaline by the addition of 

in ("rSdT ““ d f ° r de, ' C,l “ 
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Mercuric Sulphide, HgS, is found in nature as cinnabar. It may be 
prepared either by precipitation on passing hydrogen sulphide through 
the aqueous solution of a mercuric salt, or alternatively by the reaction of 
mercury, sulphur and a little potassium hydroxide solution. In the first 
instance a black substance results by both methods of preparation but 
this rapidly changes to the red sulphide. Mercuric sulphide finds consider¬ 
able application as the pigment vermilion. 


CHAPTER 21 


% 


THE ELEMENTS OF GROUP III 


Boron is the first element of Group III, but its chemistry is more closely 
related to that of silicon, to which it is diagonally related in the Periodic 
Table, than to that of aluminium, the second member of Group III. This 
diagonal relationship ’ is also found with the pairs of elements, lithium 
and magnesium, and beryllium and aluminium, thus— 


Group I Group II Group III Group IV 



Lithium and Magnesium. Both are silver-white metals which tarnish in 

ai \ u . reaC ! slowI y with water. They give insoluble carbonates (and 
s °lub le bicarbonates), insoluble phosphates, and they burn in air with a 
similar bright light to form both oxides and nitrides. Their chlorides are 
very deliquescent, and their fluorides are sparingly or insoluble in water. 
Beryllium and Aluminium. These elements usually occur together in 

an/wr* ^ ’ Be ^V * ^l 2 0 3 • 6Si0 2 . Their oxides are amphoteric 
nd dissoNe in both acids and alkalis; their chlorides are volatile and are 

readfly hydrolyzed by water. So closely in fact does beryllium resemble 
aluminium ^ ^ * l0ng tlmC U Was considered to be trivalent like 

aUd Silicon - , These two elements behave as typically non-metallic 
anT Hk S m ° St ° , th ] eir com P° und s. Thus their oxides are mainly acidic 
sflicateO ° ln i a ^ 1S * the y ^rm oxy-acids and salts (borates and 
flunHHPc’ \ ndalS ° metalllc borides and silicides. They form volatile 
in ma w lch are similarly hydrolyzed by water; they occur together 

complex series a orhydrides he b ° r ° SiliCate 6 lasses > and each forms a rather 

effer h t C nf Xplanat ‘ 0n ° f this dia g onal relationship is to be found in the 
present in"th e p a n n t g nuclear , char g e °n the binding of the valency electrons 
example of ch a U erm0 f St electronic orbits. If we consider the effect, for 

it is to be expected* that— m l ° ma S nesium b y wa y of berylhum, 

(a) From lithium to betyllium-The increase in nuclear charge of 
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beryllium, compared with lithium, will result in an increased nuclear 
force on the valency electrons (since these may be considered to be equi¬ 
distant from the nucleus). 

( b ) From beryllium to magnesium—Here the nuclear charge remains 
the same, but the increase in size of the magnesium atom, compared with 
the beryllium atom, must lead to a reduction in the nuclear force on the 
valency electrons (since these are now further from the nucleus). 

The effects of (a) and ( b ) are opposed, and since they more or less 
cancel each other out in the total change, Li->Be->Mg, it is to be expected 


Li-*Be 



that the nuclear forces on the valency electrons of lithium and magnesium 
should be approximately the same, and hence that these two elements 
should exhibit a close similarity in properties. Similar arguments also 
will apply to the other two pairs of diagonally related elements described 
above. 

BORON 

Occurrence. Boron does not occur free in nature, but is found in many 
of its compounds, such as boric acid , H 3 B0 3 , which is present in the steam 
jets (known as soffioni) which issue from the ground in the volcanic regions 
of Tuscany; borax and tincal , Na 2 B 4 0 7 .10H 2 O, and colemanite , 
Ca 2 B 6 O n . 5H 2 0, which are found principally in California and in Asia 
Minor. Other complex borates, such as boracite (Stassfiirt) and borona- 
trocalcite (Chile) are also found in nature. 

Extraction of Boron. The compounds and oxides of boron are not 
easily reduced to the element, and strong methods involving the use of 
other elements with a higher affinity for oxygen have to be adopted. This 

is exemplified by such methods as— 

(a) By strongly heating boric oxide with magnesium (sodium, potassium 
or aluminium). Heating is carried out in a closed crucible to prevent 
atmospheric oxidation. 

B 2 O s -f 3 Mg = 3MgO -f 2B 
B 2 0 3 + 3MgO = Mg 3 (B0 3 ) 2 

(b) By heating potassium borofluoride with potassium or magnesium. 

3K + KBF 4 = 4KF + B 

Boron is recovered, in the form of a dark brown powder, on boiling 
the resulting fused mass with dilute hydrochloric acid to remove e 
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potassium fluoride, magnesium borate, etc. It may be purified by heatine 
m a vacuum at about 1200 3 C. b 

A more recent method for obtaining boron is now practised. This 
“ electrolyzing a mixture of boric oxide and sodium fluoride at 
100 C. The metallic sodium liberated at the iron cathode reduces the 
boric oxide to boron which then deposits on the cathode. Treatment with 
°t hydrochloric acid gives boron as an amorphous brown powder. 

A black, very hard, form of boron is prepared by strongly heating boron 

boron nde WUh hydr0gen in an electric arc . and condensing the liquid 

2BC1 3 -f 3H 2 = 2B + 6HC1 

Properties. Amorphous boron, thought to be a solution of a boron sub- 

? b ° r0n ’ IS a da 1 rk l brown powder, and is much more reactive than the 
black form mentioned above. It reacts rather slowly in air at about 700°C 

h ° f °™n! ! f L T Cr K Cia ' yer ° f b0r0n OXide (B 2°3> and boron nitride (BN), 
but burns at higher temperatures, and brilliantly so when heated in oxygen 

Boron .s one of the few elements which burns in air to form nitride as^eli 

as oxlde > oth y. elements possessing this property including lithium 

magnesium, calcium and aluminium. Boron combines directly with many 

k " with ftoi„e in ,h. cold, and wi thL “„d 

sssifsias srfc^as- 

3Si0 2 + 4B = 2B 2 0 3 + 3Si 

Oxid^mg acids, such as hot concentrated sulphuric acid and nitric acid 

steam a? redTafrH ° f b ° riC acid Boron decomposes 

iSte hydrogen- " “ W “ h fUSed alkali$ to form borat « and 

2B + 2NaOH -f 2H 2 0 = 2NaB0 2 + 3H 2 

in fruit trees for example are due to ho r °H S « *• Sp0t ’- rosette ’ and die back 
heart rot or dry rom in P r h . H u '"' 7 the soiI ' Similarly, 

The addition of borax to fertihSrs not T tr3CCd t0 boron deficiency. 

to tertihzers not only prevents these diseases, but 
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also increases the sugar yields. Other plants affected by boron deficiency 
include field crops and vegetables. 

Atomic Weight of Boron. Some difficulty was experienced in reconciling 
the atomic weight of boron obtained by applying the Dulong and Petit rule, 
with the smaller value to be expected from the position of boron in the 
Periodic Table. The latter suggested a value in the neighbourhood of 
eleven, and this approximate value, in conjunction with the known 
molecular weight of certain volatile boron compounds such as boron 
trichloride, established the true value of the atomic weight to be slightly 
less than eleven. The failure of boron to conform to the Dulong and Petit 
rule is due to the fact that the atomic heat of this element (beryllium and 
carbon also) does not reach its maximum and constant value until the 
temperature is considerably higher than room temperature. When the 
atomic heat determinations of boron are made at sufficiently high tem¬ 
peratures (see Fig. 9, p. 37) this anomalous behaviour disappears and the 
correct value of the atomic weight is obtained. 

More accurate determinations (by Briscoe and others) have shown that 
the atomic weight of boron obtained from Californian sources is higher 
than that from European and Asiatic sources. 



Atomic Weight 

Atomic Weight 

Source of Boron 

from Ratio 

from V.D. of 


BCI 3 : 3Ag 

I 

i 

BC1 3 

Boric acid (Tuscany) . 

10-840 

10-823 

Boracite (Asia Minor) 

10-819 

10-818 

Colemanite (California) 

10-840 

10-841 


These differences, although very small, are considered to be greater than 
the limits of experimental error, and are attributed to a slight variation 
in the proportion of the two isotopes of boron (at. wt. 10 and 11) although 
this small difference may have resulted from the different chemical 
treatment undergone by the boron in the three cases. This variation in 
atomic weight is not however peculiar to boron, as other cases are also 
known, particularly among the lighter elements, and these differences are 
all considered to be due to a very slight variation in the proportion of the 
various isotopes present. Thus atmospheric oxygen is perceptibly heavier 
than the combined oxygen present in natural waters, and potassium ron J 
plant ashes is similarly very slightly heavier than potassium recovere 

from marine salts. 

Compounds of Boron 

Boric Oxide, B 2 O s , is formed when boron burns in oxygen and also when 
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boric acid is strongly heated. The resulting fused mass cools to form a 
colourless glassy bead. 

2H 3 B0 3 = 3HX> + B,0 3 


Boric oxide is the anhydride of boric acid which it forms when dissolved 
in water. It is almost non-volatile and so will displace other more volatile 
acidic oxides from their salts on strongly heating— 

B 2 0 3 + 3K 2 S0 4 = 2 K 3 BO 3 -f 3S0 3 t 


In addition to its acidic properties, it is also very feebly basic and forms 
unstable salts, such as the acid sulphate B(HS0 4 ) 3 and the phosphate BP0 4 . 
Boric oxide combines with metallic oxides on heating and also with 

fused alkalis to form borates, many of w hich possess characteristic colours 
(see “borax-bead test,’' p. 537 ). 

B 2 0 3 + 2NaOH = 2NaB0 2 + H,0 

One of the most interesting properties of boric oxide reveals itself when 
the oxide is used in the manufacture of borosilicate glasses. The latter 
have a negative coefficient of expansion up to about 12 per cent concen¬ 
tration of boric oxide, but above this value the sign changes. Boric oxide 
is the only substance known to behave in glasses in this way, and this 
property is fully exploited in the manufacture of all the modern heat- 
resistant glasses. It has also been found that if glass is made having a 
h!gh proportion of boric oxide, then treatment with boiling dilute acids 
will dissolve all the boric oxide together with the soda to leave a rieid 
silica sponge. The latter shrinks without change of shape when it is 
heated to a red heat, and the resulting product is in every way similar to 
lused quarts This discovery, coupled with the relative ease with which 

fn? f ,K° nC , OX f ses r may be Worked ’ has suggested a Simple method 

for fabricating articles of quartz. 1 


Boric Acid, H 3 BO a , is obtained commercially— 

(a) From the volcanic steam jets (“soffioni”) found in Tuscany The 
bone acid solution collects in “lagoons” built around the jets ^and is 

concentrated by the action of the steam. The boric acid then crystallizes 
out on cooling the concentrated solution y 

wilhVvH 0 " 1 ^ ineral b °f ateS ’ SUch aS borax ’ colemanite, etc., by treatment 

and isn^rifipH°K C ^ Sul P h “ ric acids - boric acid separates on cooling 
and is purified by recrystallization from hot water. § ’ 

Na 2 B 4 0 7 + H 2 S0 4 + 5H 2 0 = Na 2 S0 4 + 4H 3 B0 3 

vewTh^ ??r, riC Add :. The P urlficati on of boric acid is based on its 
t U- ! lgh solubl,lt y at ordinary temperatures and much greater solubilitv 

at 107V tern P® rat ures—for example, 2-6 per cent at 40°C and 37 per cent 

iS (T . Flg ' 68) ' 1115 sold commercially in various forms, such as 
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the colourless plates obtained by the above methods. These are soapy to 
the touch, a property which explains its use, for example, in the treatment 
of dance floors. It is also sold as the powder (boracic acid powder) and 
in granulated and crystal forms. It is volatile in steam, and this accounts 
for its presence in the “soffioni” of Tuscany. 

When heated, boric acid (also known as orthoboric acid) decomposes 
at about 100°C to form metaboric acid, HB0 2 , and at about 160°C to 



form tetraboric acid, H 2 B 4 0 7 . At still higher temperatures, it swells 
and then collapses to form a glassy bead of boric oxide— 

H 3 BO 3 — 10 ° cc - > hbo 2 + h 2 o 
4HB0 2 — 16Q —- > H 2 B 4 0 7 + H 2 0 
H 2 B 4 0 7 > 2Q0 ° c - > 2B 2 0 3 + HoO 

Boric acid is only weakly acidic, weaker in fact than carbonic acid, but 
its salts of the alkali-metals and most of the Group II metals are well 
defined. These are usually the tetra- or metaborates, the orthoborates 
occurring much less frequently. 

Since boric acid is such a weak acid, it cannot be titrated with alkalis in 
the usual way. If, however, excess of glycerol be first added to the boric 
acid, the resulting boric-acid-glycerol complex behaves as a much stronger 
(although still weak) monobasic acid, and may then be titrated with 
standard sodium hydroxide using phenolphthalein as indicator. 


ch 2 - 

-OH 

H- 

-O 

\ 

ch 2 - 

1 

-O 

\ 

H B—O [H] 

/ 

1 

CH— 

I 

OH 

+ 

\ 

B—OH - 

, / 

1 

-> CHO 

ch 2 - 

-OH 

H- 

-O 

CH.- 

-O 


H 3 BO 3 (as complex) + NaOH -> NaBQ 2 -f 2H 2 0 
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Borax, Na 2 B 4 0 7 .10H 2 0. This most important boron compound is 
obtained commercially— r 

(a) From naturally occurring borax (and tincal), and particularly from 

the lower hydrate, rasorite, Na 2 B 4 0 7 .4H 2 0, which is found in California. 

From such sources, the borax is obtained pure by crystallization of the 

saturated solution. If the temperature of crystallization is above 60°C, 

the pentahydrate separates, but below this temperature, the decahydrate 
Na 2 B 4 0 7 .10H 2 O, separates. J 

(b) By boiling native colemanite with sodium carbonate solution, and 

then filtering to remove the insoluble calcium carbonate and earthy 
matter. J 


C^BeOn + 2Na 2 C0 3 = 2CaC0 3 \ + Na 2 B 4 0 7 + 2NaB0 2 

The sodium metaborate contained with the borax in the mother liquor 
is converted into borax by treatment with carbon dioxide gas— 

4NaBO, + C0 2 = Na 2 C0 3 + Na 2 B 4 0 7 

(c) By treating boric qcid with aqueous sodium hydroxide in the mole¬ 
cular proportions indicated by the following equation— 

4H 3 B0 3 + 2NaOH = Na 2 B,0 7 + 7H 2 0 

Properties of Borax. Since borax is the salt of a very weak acid and 

a kalL d 6 ’ U 1S ff a PP rec !f bl y hydrolyzed by water, the solution reacting 
alkaline, due in effect to the reversal of the preceding equation Since also 2 

methyl orange indicator is unaffected by. the resulting boric acid a solution 

Ai^nff T y b6 “ d ' reCtly against standard hydrochloric’ acid using 
this indicator. Regarding borax as Na 2 0.2B 2 0 3 , it follows since each 

hnr^ W ‘ WUh T 0 molecules of HC1, that the equivalent weight of 
borax is equal to one-half of its molecular weight_ ^ 

Na 2 Q (+ 2B 2 0 3 ) + 2HC1 = 2NaCl + H 2 0 (+ 2B 2 0 3 ) 

perh°re al S °' Uti0n Wi " therefore COntain 190 6 g Na 2 B 4 0 7 .10H,O 

sodium metaborate and boric oTde- 3 ^ COl ° Ur ' eSS glaSS bead of 

Na2B 4 0 7 = 2NaB0 2 + B 2 O s 
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Borax Bead Colours 


Metal 

Oxidizing Flame 

Reducing Flame 

Copper 

• • 

Green (hot) 

Blue (cold) 

J Colourless or red opaque 

Iron 

» • 

Brown (hot) 

Yellow (cold) 

j Green 

Chromium 

• • | 

Green 

Green 

Manganese 

• • | 

Violet (amethyst) 

Colourless 

Cobalt 

» • 

Blue 

Blue 

Nickel 

• I 

Brown 

1 

Grey or black opaque 


These colours are due to the formation of coloured metaborates— 

CuO r B 2 0 3 = Cu(B0 2 ) 2 

and the different results produced in the oxidizing and deducing flames 
(the latter due to the reducing action of carbon) correspond, in general, 
to the formation of the -ous and -ic metallic metaborates, e.g. FefBO^ 
and Fe 2 (B0 2 ) 3 . In the case of the copper salts, the reducing flame may give 
a red opaque bead containing metallic copper— 

2Cu(B 0 2 ) 2 4- 4NaB0 2 + 2C = 2Cu + 2Na 2 B 4 0 7 + 2CO 

Sodium Metaborate, NaB0 2 .4H 2 0, is prepared by treating borax 
with the calculated amount of sodium hydroxide as indicated by the 
equation— 

Na 2 B 4 0 7 + 2NaOH = 4NaB0 2 + H 2 0 

It is more alkaline and much more soluble in water than borax, and is 
used for example in “bath salts” where rapid solution is desirable. 

Sodium Perborate, NaB0 2 . H 2 0 2 .3H 2 0, is prepared either by the 
electrolysis of an aqueous solution of borax and sodium hydroxide or by 
the direct action of hydrogen peroxide on this solution. 

The term per as applied to this compound is not strictly correct. The 
hydrogen peroxide is present more or less as a molecule of hydration, so 
that the boron atoms are not linked together through a true peroxide 
grouping, i.e. >B—O—O—B<. The commercial compound contains 
about 9-10 per cent of available oxygen which is liberated when the 
aqueous or acid solution is heated. It is nowadays used in many bleac ing 
and other oxidation processes, and its antiseptic properties account or 
its increasing use in preparations such as mouth washes, tooth pow ers, 
deodorants, etc. 
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Uses of Borax and Boric Acid 

(1) As an antiseptic in many pharmaceutical preparations, such as 
lotions, ointments, medicated lint and gauze, etc. 

(2) Borax and boric acid play an important part in the vitreous enamel- 
mg of such articles as baths, gas and electric stoves, and enamelled 
kitchen ware (saucepans, etc.). The enamel used for these purposes mav 
contain about 25 per cent of borax. The clean (sanded) article is first 
heated to about 900 c to 950°C and the first coat of enamel applied either 
as a dusting powder of by a spray. The article is then returned to the 
furnace for a further period of about five minutes, during which time the 
enamel melts and forms a smooth adhering film of a borosilicate Hass. 

urther coats are then applied up to the final white or coloured coat 5 The 

pottery industry also uses considerable quantities of borax to provide 

“ bly £? loun : d g ,az ed-surface on earthenware and china-ware. The 

hnrnliiv after f the heat treat ™ent is due to the formation of a 

borosilicate glaze surface. 

(3) The effect of boric oxide on the expansion of glass has already been 
mentioned in connexion with this oxide. Considerable quantities to the 

fow^xn b ° raX a h d b0nC aC ‘ d ’ are consec ) uentl y used in the manufacture of 
low-expansion, heat-resisting glasses, such as “Pyrex,” used in increasing 

q Of Ro S ln d °. meStlC k ' tchen ware an d ^ laboratory apparatus. 

(4) Boric acid is used in the leather industry to remove lime in the 

whkhT f h,deS . an< ? skins > a nd borax is used y to neutralize the acidity 
which develops in leather tanned with chromic acids. y 

(5) In the laundry trade, borax and boric acid are used to stiffen and 
mpart a final gloss or glaze to the laundered article 

(6) Borax is also used as a flux in soldering and brazine due to its 

of Se°metol I ’ ^ ^ ° f ’ mCla ' oxides P rc5cnt on’the surface 


Halogen Compounds 

asaai w 

CaF 2 -h H 2 S0 4 = CaS0 4 j + 2HF 
B 2 0 3 + 6HF = 2BF 3 | + 3H 2 0 

luorid? the°L°tter y then" Tw ‘° metab ° ric acid and hydrogen 

form h^uSc^Sd^Sj? 1 "®^ UnC K a, F d b0r ° n flu ° ride to 

behaviour of silicon tetrafl’uoriderSiF 4 . ^ reCa1 ' ^ anaIo g ous 


BF 3 + 3H 2 0 = HB0 2 
BF 3 + HF = HBF 4 


~t 


3HF 
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Metallic fluoborates are finding increasing use in “high-speed” and bright 
plating, due to their relatively high solubility and resultant rapid electro¬ 
deposition of the metal. Because of the compatibility of different metallic 
fluoborates with one another, it is now possible to use alloy plating baths, 
as for example, tin-lead fluoborate or lead-indium fluoborate baths 
for plating bearings and pistons with an alloy which improves their 
lubrication and corrosion-resistant qualities. 

Boron Trichloride, BC1 3 , is a colourless fuming liquid, boiling at 18-2°C, 
and may be prepared either by heating boron in chlorine or by strongly 
heating a mixture of boric oxide and carbon in a current of chlorine— 

B.0 3 4- 3C 4- 3C1 2 = 3CO + 2BC1 3 


It fumes strongly in moist air and is immediately hydrolyzed by water— 


Uci 


H 

/: 



H-ci 

+ 

H 

\j 



;\C1 


H 


OH 

OH = H 3 BO 3 + 3HC1 
OH 


Boron bromide and iodide are also known. 

Boron Nitride, BN, is formed when boron is heated strongly in an 
atmosphere of nitrogen or ammonia. Its reaction with steam to form 
boric acid and ammonia has been suggested as an explanation of the 
presence of boric acid in the soffioni of Tuscany. 

BN + 3H 2 0 = H 3 BO 3 + NH 3 

Boron Carbide, B 4 C, is prepared by heating boron oxide and carbon 
together in an electric furnace. It is the hardest substance so far prepared 
in any quantity by man, but it is not however as hard as the diamond. 

2B 2 0 3 -h 7C = B 4 C 4- 6 CO 

Boron Hydrides. When magnesium boride, Mg 3 B 2 (prepared by heating 
magnesium and boric oxide together in a stream of hydrogen) 

B 2 0 3 4- 6 Mg = 3MgO 4- MggB, 

is treated with a dilute acid, such as hydrochloric or better phosphoric 
acid, the gas evolved is mainly hydrogen, but it contains small quantities 
of various boron hydrides, in addition to impurities such as silicon 
hydrides, hydrogen sulphide, etc. The boron hydrides are isolated y 
passing the gas through a suitable trap cooled in liquid air, and the con¬ 
densate subsequently fractionally distilled in vacuo. By this rnet o , 
Stock was able to isolate small quantities of various boron hydrides, 

such as B 4 H 10 , B 5 H 9 , B 5 H u , B 6 H 10 , B 6 H 12 , B 10 Hj 4 . nrnhablv 

Diborane, B 2 H 6 , however was not prepared by this method, prooaoiy 
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b^Rnrll 1 'h c aP M ly deCo r l P° sed b y water - I‘ has however been prepared 
by Burg and Schlesinger by a method involving the passing of an electric 

(or C tribromM^ US f f § aseous mixture of hydrogen and boron trichloride 
(or tnbromide) under reduced pressure. Amonp other things the product 

bwlemner^ 16 rather more B*H 5 C1 The latter is’separated at 

!o form dfbomne- su hsequently warmed to O C, decomposes 

6B 2 H 5 C1 = 5B,H C + 2BC1., 

°Xz^iXtir mp0!ed by and ,ike ,he ° ,ter b » r ” 

B 2 H 6 + 6H 2 0 = 2H 3 B0 3 + 6H 2 

It should be noted that a hydride BH 2 has not so far been isolated. 
Detection of Boron in its Compounds 

(1) Concentrated Sulphuric Add and Alcohol Flame Test Ifa little borax 

mixed with a little concentrated sulphuric acid, for example in an 

i?r pa ?'r wi "i *... 

bo„„ i0 ’ ,h ' 

ALUMINIUM 

”,ShreSS c f h 7r °“ ■*— m «» 

4-6 per cent for iron. 8 P er 06111 as com P ar .ed with 

chemical com bi /a ti on °i n Twide* ° a rfe tv ' oTfo" ^ ’* ° CCUrS in 

which are listed on p 542 ^ forms, the most important of 

onfSS'’"™ ° r ,“™ i, „ b „ ine<1 trom 

only to a small extent- these , areused as a sou ™ of aluminium 

appear to be little doubt that hn •? and china cIa y* There would 
retain its present virtual mononnlv W ‘u the fairl y "« a r future 

extraction of aluminium In what Lin the , chlef raw material for the 
of aluminium from bauxite will be descr^d ™ 6 ^’ °" ly eXtraction 
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Crude bauxite usually contains varying amounts of ferric oxide, silica, 
titania, and other impurities and in the first instance these must be removed 
otherwise the metals, iron, silicon, titanium, etc., will occur in the resulting 
aluminium. 


Compound 

Mineral and Formula 

Oxide. 

Corundum, A1 2 0 3 

Hydrated oxide .... 

Bauxite, A1 2 0 3 .2H z O 

Diaspore, A1 2 0 3 . H z O 

Aluminate . . . . 

Spinel, MgO. A1 2 0 3 

Sulphate . 

Alunite, K 2 0.3A1 2 0 3 .4S0 3 .6H 2 0 

Fluoride ..... 

Cryolite, A1F 3 .3NaF 

Silicate 

Aluminium is an essential constituent of 
clay minerals and a large number of 
important silicates such as the felspars, 
micas, sillimanite, etc. Thus, such 
industrially important minerals as 
potter’s clay, china clay, and fuller’s 
earth are aluminium silicates 


The production of aluminium on a commercial scale therefore consists 
of two stages, ( a ) the purification of the crude bauxite to give a pure 
alumina, and ( b ) the electrolysis of the purified alumina in a bath of 
fused cryolite containing certain other salts. 

The purification of the crude bauxite is carried out in the Bayer process, 
the electrolysis of the alumina-cryolite bath by the Hall-Heroult process. 

Bayer Process for the Purification of Crude Bauxite. In this process 
the essential principle involved is the treatment of the bauxite with an 
aqueous solution of sodium hydroxide to form sodium aluminate, from 
which aluminium hydroxide is precipitated, the hydroxide then being 
calcined to give alumina. 

In practice, calcined bauxite is ground to a fine mesh and then charged 
into autoclaves where it is digested with an aqueous solution of sodium 
hydroxide for 2-8 hours under 50-70 lb pressure at 150°-170°C. The 
alumina of the bauxite reacts with the sodium hydroxide as follows— 

A1,0 3 4- 2NaOH = 2NaA10 2 + H 2 0 

The impurities ferric oxide, titania and the greater part of the silica are 
unaffected by this treatment and are therefore separated as red mu 
from the filtrate containing the dissolved sodium aluminate. The so ium 
aluminate solution is transferred to settling tanks to which a little res y 
prepared aluminium hydroxide is added, and the whole is then stirre 
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(the so-called “seeding” operation) when aluminium hydroxide is pre- 
cipitated from the liquor. ” 

NaA10 2 + 2H 2 0 = Al(OH) 3 | + NaOH 

The aluminium hydroxide is then filtered off and calcined when a 
nign-purity alumina is obtained. 

Al(OH) 3 = A1 2 0 3 + 3H 2 0 

Hall-Heroult Process for Electrolytic Reduction of Alumina. The furnace 
employed in the Hall-Heroult process consists of a rectangular box of 


Copper bus bar 



J+ 


I / Frozen crust 
Y ofelectrolyte 
and alumina 


,Cloy seal lor 
'metal outlet 


Carbon lining 


Insulation 


Fig. 169 . Hall-Heroult Furnace for the Production of Aluminium 


mild steel lined with a refractory material of low thermal and electrical 

stss w*r,~ 

srr r,° ,hi! ,“ rb r ■»<£»& TL7::r„i:,z p z z 

c urnace is inclined towards the tapping hol^ When starting 

asas fdi 
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is charged in and then as this melts the anodes are progressively raised 
whilst more cryolite and later purified alumina as well are added. On elec¬ 
trolysis the aluminium collects in the molten state on the bottom of the cell 
from whence it is tapped off every two to three days. The density of molten 
aluminium is 2-29, that of the electrolyte is 2-095. The alumina content 
of the electrolyte ranges from 10-20 per cent. The temperature of the 
electrolysis is 900°-1000°C. A voltage of 5-5-7 volts is employed. Cells 
are connected in series of 30 to 100 and the current flowing through the 
cells is 8000-30 000 amp. A furnace of the dimensions quoted above 
produces about 120 lb of aluminium per day. 

During electrolysis it is thought that the aluminium fluoride from the 
cryolite dissociates thus— 

A1F 3 ^ A1+++ + 3F' 

The aluminium ions are discharged at the cathode, whilst the fluorine 
ions are discharged at the anode where they react with more alumina 
thus— 

2A1 2 0 3 + 12F' = 4A1F 3 4- 30 2 f 

The oxygen therefore makes its appearance at the anode where it reacts 
with the carbon of the anodes to form carbon monoxide which in turn 
burns in the atmosphere to carbon dioxide. 

The purity of the aluminium produced as described above ranges from 
98-99-5 per cent aluminium. Super-purity aluminium may be produced 
from the 98-99-5 per cent grade by electrolytic refining. In this process a 
copper-aluminium alloy in contact with carbon constitutes the anode of a 
cell, the cathode is purified molten aluminium, whilst the electrolyte is a 
fused mixture of cryolite, aluminium fluoride, and barium fluoride. During 
electrolysis the pure aluminium dissolves from the anode and is transferred 
to the cathode. The molten anode forms the lowest layer in the electrolytic 
cell whilst the molten aluminium cathode floats as the top layer; the 
fused cryolite mixture is sandwiched between anode and cathode. The 
purity of this purified aluminium is 99-8-99-9 per cent aluminium. 

Physical Properties of Aluminium 

(a) Aluminium is a silvery-white metal capable of taking a high polish. 

( b ) It is a comparatively soft metal. 

(c) The metal has a high ductility and high malleability. 

(d) Aluminium has a low density, 2-7 g/cm 3 at 20°C. 

(e) It exhibits high electrical and thermal conductivities. On the basis 
of silver = 100, the electrical conductivity of aluminium is 62; owing to 
its lightness, for equal electrical conductivities, the weight of aluminium 

required for a conductor is about half that of copper. 

(f) It has a fairly high melting point (657“C) and a very high boi ing 
point (2056°C), it is practically non-volatile under ordinary circumstances. 


ALUMINIUM 


545 


Chemical Properties of Aluminium 

(a) In air at ordinary temperatures aluminium is stable. When heated it 
oxidizes to alumina, A1 2 0 3 , at temperatures of the order of 700°-800°C, 
but the rate of reaction is slow; at still higher temperatures (950°C) it 
burns vigorously to form the oxide and the nitride, AIN. 

(b) In moist air a superficial film of the oxide once formed prevents 
further attack on the underlying metal. 

(c) Aluminium, on heating, combines directly with the halogens, 
sulphur, nitrogen and carbon to form halides, sulphide, nitride and 
carbide respectively. 

(d) Aluminium reacts slowly in dilute hydrochloric acid and vigorously 

in the hot acid; aluminium chloride is formed and hydrogen evolved in 
both cases. • 

Dilute sulphuric acid has little action on aluminium, but the hot con¬ 
centrated acid dissolves the metal, forming aluminium sulphate and 
liberating sulphur dioxide. 

Nitric acid, both the dilute as well as the concentrated acid, reacts 

so slowly that it is usual to state that this acid has no action on 
aluminium. 

(e) Aluminium is attacked by sodium and potassium hydroxides with 
thus f0rmati ° n thC alkaIi metal agminate and the liberation of hydrogen 


2A1 + 2(OH)' + 2H 2 0 -> 2(A10,)' + 3H 2 f 

The concentration of hydroxyl ions in aqueous solutions of sodium 

carbonate, due to hydrolysis, is sufficiently high to permit of the above 
reaction proceeding. 

. Organic acids (e.g. acetic acid) have no appreciable action on 
alumimum at ordinary temperatures, but in the presence of sodium 
chloride they exhibit a considerable solvent effect. Likewise sodium 
chloride solutions corrode aluminium. 

r ^. A * urn ^ n ^ um ’ being a powerful electro-positive element, is a strong 
e ucing agent. Thus, when metallic oxides are mixed with aluminium 

a fl “ x and the whoIe ignited, the metallic oxide is reduced to 
metal This is the basis of the “Goldschmidt” or “Thermit” process for 

tne extrachon of high melting point metals from their oxides. This process 

H „ P e< T* a tmportance in the case of such metals as vanadium, manganese 

nxiHM ybd ? Um ’ ThiS reaction is also applied to the reduction of ferric 
P roduce a small quantity of molten iron for local fusion welding 
the chemical reaction in the case of ferric oxide being as follows— 5 

Fe 2 0 3 + 2A1 = A1 2 0 3 -f 2Fe 

It is similar for the other metals mentioned above. 

ses of Aluminium. The principal uses of metallic aluminium are for 
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overhead high-tension lines, for the fabrication of plant for use in the 
chemical, food, dairy and pharmaceutical industries, in building and for 
architectural purposes, in the form of foil for packaging of foodstuffs, 
sweets, cigarettes, etc; crumpled foil is also used for heat insulation; and 
in the form of powder for the manufacture of aluminium paints. Aluminium 
is also used as a de-oxidizer in the manufacture of steel and in the 
Goldschmidt process. 

Aluminium-base light alloys however are of especial importance in all 
branches of engineering construction. In these alloys there is combined a 
high strength with a low density. Some of the more important of these 
alloys are detailed in Table 88. 


Table 88 

Compositions of Typical Aluminium-base Light Alloys 


Application of 
Alloy 

Name of 
Alloy 

Composition (percentage by weight) 

Cu 

Zn 

Mg | Mn 

Si 

Fe 

i 

Ti 

Ni 

A1 

Wrought purposes 

Birmabright II 

1 

30 


1-25 





Balance 


Duralumin A 

40 


0-6 0-5 

0-4 

0-4 

0-1 

• 

Balance 


RR 77 

2-25 

50 

3 0 0-5 

0-4 0-4 

0*2 


Balance 

Casting purposes 

Hiduminium 23 



3-0 1-25 


t 

1 



Balance 


Alpax I 




130 




Balance 


RR 53 1 

2-0 

1 

1-6 

10 

1-3 

01 

1-2 Balance 


Y alloy 

4-0 


1*5 

* I f 

0-4 0-3 

1 

| 

2-0 Balance 

1 


Although the strength of aluminium is raised by the addition of certain 
elements, the corrosion resistance of aluminium-base light alloys, particu¬ 
larly those containing copper, is lower than that of pure aluminium. 
Consequently, in order to combine the resistance to corrosion of pure 
aluminium with the strength of aluminium-base alloys, a composite 
material is in use in which sheets of aluminium alloy, such as Duralumin A 
quoted above, is coated on either one or both sides with high-purity 
aluminium; the aluminium coating is approximately five per cent of the 
total thickness of the sheet. Such composite material is known variously 
by such names as “Alclad" and “Aldural."’ 


Anodizing 

Pure aluminium owes its excellent resistance to corrosion to the presence 
of a hard, thin, firmly adherent and more or less impermeable skin o 
naturally-formed alumina. This alumina skin, which forms on contact 
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with the atmosphere, although soluble in alkalis and certain acids, offers 

strong resistance to attack by moisture and many electrolytes. 

This naturally-formed alumina skin may be thickened artificially with the 

object of enhancing the resistance to corrosion of the material; the process 

employed for this purpose being known as anodizing. Anodizing is of 

particular importance in the case of aluminium-base light alloys which, 

as stated above, exhibit a much lower resistance to corrosion than the 
pure metal. 

The film of thickened alumina is produced electrolytically by making 
the alloy the anode in an electrolyte of a 3 per cent aqueous solution of 
chromic acid (Bengough-Stuart process), or 15 per cent sulphuric acid 
(Alumihte process), or a 3-6 per cent aqueous solution of oxalic acid 

(bloxal process). The metal tank—either of mild steel or lead lined_ 

constitutes the cathode for the purpose of electrolysis. The film which is 
produced is very thin, normally being of the order of 0 0001 in. in thickness. 

ie film of alumina produced on the aluminium or aluminium alloy is 
very absorbent immediately after its formation and it is the practice to 
use this property to good effect by immersing the metal article in a dyestuff' 

rnH h H the H reS ^ U | that mOSt attractive finishes are produced. Such anodized 
and dyed articles are used in large quantities for architectural and decora¬ 
tive purposes, particularly in the form of rolled and extruded sections 


Compounds of Aluminium 

Aluminium Oxide, A1,0 3 (Alumina). The occurrence of aluminium oxide 

(L n n 54r) S On rU | dUm ’ ba , UXitC “f* diaSp0re haS already becn discussed 
o! p - 542) ' °. n a lar e e scale P ure alumina is obtained from bauxite by the 
Bayer process (see p. 542). Alumina also occurs in nature in the form of 

scale'bv'the f y ' f yntl 'f ,c . rubies are now prepared on a commercial 
ale by the fusion of a rod of pure alumina by means of an oxy-hvdroeen 

instruments. Synt ^ et,c rubies are used for bearings in watches and scientific 

■ In tbe ' aborator y aluminium oxide may be prepared by heating alumi 
mum hydrox.de, aluminium nitrate or ammonia alum, thus- S 

(NH 4 ) 2 S0 4 . A1 2 (S0 4 ) 3 .24H 2 0 = 2NH 3 f + 4H 2 S0 4 + A1 2 0 3 + 21H..O 
Properties of Aluminium Oxide. Aluminium oxide is a hard white 

mate e v r 20od C ( fuS ?. wW ! difficulty ’ its P™. being approx? 

atel y 2000 C, although it volatilizes appreciably at 1750°C 6 

Aluminium oxide is a very stable and unreactive substance- freshlv 

formed alununium oxide however is more reactive When heated to 

900 C or above, the density of the material rises from 2-8 to 4 0 and ti? 
material becomes almost insoluble in acids 3nd the 

the ,!i° f c 1Umin r iUm0xide - Alumina is used in tremendous quantities for 

the extraction of aluminium as described on p. 543. But in add,!!on te 
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this particular application alumina, in the form of bauxite, is used exten¬ 
sively for the manufacture of abrasives, high-alumina cements, and 
refractories. Bauxite abrasives are manufactured by fusing bauxite (or 
a umina) in electric furnaces; they find application in engineering under 
such trade names as “Alundum,” “Aloxite,” etc. 

High-alumina refractories are employed in large quantities for the 
lining of high temperature furnaces (e.g. rotary kilns for calcining of 
cement, linings of glass melting furnaces, and high-duty boiler settings in 
power station plant). Some typical analyses of typical refractories are 
given in Table 89. From this table it will be noted that alumina is quoted 


Table 89 

Analyses of Typical Refractory Bricks 



SiO z 

ai 2 o 3 

Fe 2 0 3 

TiO, 

CaO 

MgO 

Na 2 0 

k 2 o 

Silica (steel-making) 

9603 

1-24 

0-79 

0-16 

1-17 

0-03 

0-10 

0-0 

Silica (carbonizing) 

95-22 

1-20 

0-64 

0-49 

1-99 

0-10 

0-41 

Siliceous (carbonizing) . 

90-16 

7-75 

0-46 

0-57 

0-22 

0-16 

0-35 

Siliceous fireclay . 

63-90 

27-50 

5-10 

0-90 

0-50 

0-80 

1-10 

Normal fireclay . 

53-60 

36-80 

5-70 

1-10 

0-70 

1-00 

0-90 

Aluminous fireclay 

51-28 

43-14 

2-06 

1-88 

0-48 

0-28 

0-68 

0-28 

“Sillimanite” brick 

37-72 

59-19 

0-62 

1-65 

0-21 

003 

0-41 

“Sillimanite” grog 

3107 

65-52 

1-50 

1-43 

0-34 

0 04 



Magnesite . 

2-91 

1-19 

7-76 


1-25 

86-51 



Chromag . 

7-00 

17-00 

14-00 



35-00 

25 

Dolomite (stable) 

12*6 

2-20 

3-20 


38-6 

40-9 

(Cr.Oj) 



l 

(FcO) 


1 





as being present in most refractory materials; this is an important fact 
and it should be noted that kaolin (or kaolinite), A1 2 0 3 .2Si0 2 .2H 2 0, is 
an important constituent of all clays. Thus, alumina in the form of clay 
is regarded as one of the chief raw materials of the ceramic industries, 
sometimes known as the “clay products industries,” which have as finished 
products a variety of articles such as chinaware, pottery, building bricks, 
refractories, enamels and glass. In the finished state these products are 
in practically all cases, essentially silicates of aluminium formed by the 
chemical union of alumina and silica. 

Alumina, in the fused state, is also used as a refractory, but owing to 
its high cost its application is largely confined to laboratory uses. Alumi¬ 
nium oxide also finds application as an adsorption filter in the technique 
of analytical chemistry known as chromatographic analysis. 

Aluminium Hydroxide, Al(OH) 3 . Aluminium hydroxide may be pre¬ 
pared as a gelatinous mass when ammonium hydroxide is added to a 
solution of an aluminium salt. 

A1 2 (S0 4 ) 3 + 6NH 4 OH = 2Al(OH) 3 I + 3(NH 4 ) 2 S0 4 
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If the s°luti° n containing the suspended precipitate is heated the 

hydroxide becomes amorphous, and if allowed to stand in contact with 

dilute sodium hydroxide solution it slowly changes to the crystalline 
condition. ° J 

Aluminium hydroxide is amphoteric, readily reacting with acids to form 

salts containing the cation, A1+++; and with alkalis to form aluminates 
containing the anion, (A10 2 )', thus— 

Al(OH ) 3 + 3HC1 = A1C1 3 + 3H 2 0 
Al(OH ) 3 + NaOH = Na(AI0 2 ) + 2H 2 0 

As a hydroxide, aluminium hydroxide is very feeble in its chemical 
reactions; thus when an aluminium salt is treated with a carbonate, carbon 
dioxide is liberated and aluminium hydroxide is precipitated as follows_ 

A1 2 (S0 4 ) 3 + 3Na 2 C0 3 + 3H. 2 0 = 2AI(OH ) 3 | + 3Na 2 S0 4 + 3C0 2 | 

In addition aluminium hydroxide is liberated from aluminates by such 
a weak acid as carbonic acid, or even by contact with its own stable form 
{see Bayer process, p. 542) in aluminate solutions 

In industry, aluminium hydroxide finds application as a mordant or 

K“ g agen V n the d ,y e ! n g industry and as an absorbent for the purifica¬ 
tion of sewage from colloidal and suspended matter. 

DreDaredhv h' 0 ' 3 ' ° n 3 large SCale ’ aluminium chloride is 

prepared by two methods, one the direct reaction of gaseous or liquid 

chlorine with metallic aluminium, thus— 5 q 


2A1 + 3 Cl, = 2A1C1 


3 


the other method consisting of the simultaneous reduction by carbon and 
bau™h°us- y gaSe ° US Ch ‘° rine ° f alumina -bearing materials such as 

AI 2 O 3 4- 3C + 3C1 2 = 2A1C1 3 + 3CO f 

In the first process the reaction is sufficiently exothermic to vaporize 

sunnHrH tn ' u ’ however ’ endothermic, and heat therefore must be 
7b P auxhe and U ca hn ‘° P , rOCeed ' ,n this ,atter P«*ess briquette! 

of the ca!bo n i n a w -! 6 f * Shaft kiln wherc the combustion 

aWn Kjrw • ♦ n u ^ ?, St air P rovides the necessary heat. Chlorine is 
condensed" k ‘ ln ’ Whe " the aluminium chloride is volatilized and 

pmdu^ la a b !offifion th o e f aC . ti0n ° f hydrochloric acid on metallic aluminium 
mZf h ? ? f aluminium chloride from which on evaporation 
aCv h K, 6 4 rat s' A1C ' 3 • 6H ^°' ™y be obtained. The anhydrous 

S5f33S£3r- of the hydr *“ in ” -MS 
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Properties of Aluminium Chloride 

{a) Anhydrous aluminium chloride is a white, crystalline substance. 

(/>) It is extremely deliquescent; in moist air fumes are produced 
because of the formation of hydrogen chloride as follows— 

A1C1 3 + 3H 2 0 = AI(OH) 3 + 3HC1 f 

(c) On heating, aluminium chloride vaporizes readily at 183°C, without 

melting. At temperatures between 183^ and 400°C, the vapour consists 

of A1 2 C1 6 , but at 400 C, dissociation to AlCL commences and is complete 
at about 750°C. 

(//) Aluminium chloride dissolves freely in water, the solution exhibiting 
an acidic reaction because of hydrolysis. 

Uses. Aluminium chloride finds considerable application in the 
chemical industry as a catalyst in many organic chemistry reactions, and 
in the petroleum industries. 

Aluminium Sulphate, A1 2 (S0 4 ) 3 . On a laboratory scale, aluminium 
sulphate is prepared by the action of sulphuric acid on the metal or 
aluminium hydroxide. On evaporation of the resulting solution crystals of 
A1 2 (S0 4 ) 3 . 18H 2 0 are obtained. 

On a commercial scale aluminium sulphate is made by the action of 
sulphuric acid upon bauxite or upon china clay. The reactions involved 
are as follows— 

(i) A1,0 3 + 3H 2 S0 4 = A1 2 (S0 4 ) 3 + 3H 2 0 

(ii) A1 2 0 3 .2Si0 2 .2H 2 0 + 3H 2 S0 4 = A1 2 (S0 4 ) 3 + 2Si0 2 l + 5H 2 0 

The crude aluminium sulphate is known as alumina-ferric. Aluminium 
sulphate is used for the purification of water for domestic purposes. In 
such water, particles of fairly large dimensions can be removed by sand 
filtration but finely divided and colloidal impurities must first be coagulated 
before they can be removed by filtration. It is in this connexion that 
aluminium sulphate is employed. When aluminium sulphate is added 
to neutral waters it suffers hydrolysis as follows— 

AI 2 (S0 4 ) 3 + 6H 2 0 ^ 2Al(OH) 3 I + 3H 2 S0 4 

In order to render the aluminium hydroxide filterable it is necessary to 
destroy the sulphuric acid formed—this is done by the addition of alkali; 
the reaction given above then proceeds to completion. 

Aluminium sulphate is often used in conjunction with sodium aluminate, 

thus— 

A1 2 (S0 4 ) 3 + 6NaA10 2 + 12H 2 0 = 8Al(OH) 3 I + 3Na 2 S0 4 

The precipitated aluminium hydroxide traps the colloidal impurities 
in water undergoing treatment by simple entanglement as well as by 
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adsorption of the colloid, with the result that the aluminium hydroxide 
is then in a form which is readily filterable. 

Other uses for aluminium sulphate include its application to the dyeing 
industry when it is used as a mordant, as a filler in the manufacture of 
paper, and in the tanning of leather and the waterproofing of cloth. 

Alums 

When a solution containing dissolved potassium sulphate and aluminium 
sulphate is evaporated, colourless crystals of the double sulphate of potas¬ 
sium and aluminium are obtained, having the formula— 

K 2 S0 4 . A1 2 (S0 4 ) 3 .24H 2 0 

This substance is known by the name of alum or more specifically as 
potash alum. This compound is used as a mordant. Potash alum is a 
typical member of a group of compounds known as the alums which have 
the general formula M 2 (S0 4 ). N 2 (S0 4 ) 3 . 24H 2 0, where M represents an 
atom of a univalent metal such as potassium, sodium, lithium, rubidium 
caesium, silver, univalent thallium, or the ammonium radical, and N 
represents an atom of a trivalent metal such as aluminium, chromium 
iron (ferric), manganese, cobalt, or gallium. 

tv, T f U n’ therC are ca P able of preparation a whole range of alums of which 
the following are typical members, in addition to potash alum described 
above. All the alums crystallize in the form of octahedral crystals 

oolTr a h A1Um ’ (NH| P°> • Al ^° 4 )3 . 24H 2 0 is a colourless com¬ 
pound which on ignition leaves a residue of alumina 

compound ,Um ’ (NH,)2SOj ' Fe -> (S °^ • 24H <° is a pale-violet coloured 

daS'nTn, AIUm ; , K ^.' ?* (S °^ ' 24H *° crystallizes in the form of 

of nn?nc P T. als - ThlS alum ma y readil y be prepared by the reduction 
of potassium dichromate with sulphur dioxide as follows— 

K 2 Cr 2 0 7 + 3SO a + H,S0 4 = K 2 S0 4 + Cr 2 (S0 4 ) 3 + H 2 0 

On eraporation of the solution containing equimolecular proportions of 

AM the 11 ? SUlphate and chromium sulphate, chrome alum separates out 
All the alums are isomorphous with one another. 

substitutes fn' r S ?h * Tf ° f selenium alums in wh ich a selenium atom 
substitutes for the sulphur atom present in potassium sulphate. 



CHAPTER 22 


THE ELEMENTS OF GROUP IV 

In the accompanying chart the elements of Group IV are arranged in 
their order of increasing atomic weights. The first two, carbon and 
silicon, are typically non-metallic but the remaining elements show 
increasing metallic character with increasing atomic weight. 

Carbon 


Silicon 



Titanium Germanium 

I i 

Zirconium Tin 

| • | 

Hafnium Lead 

i 

Thorium (Sub-Group B ) 

(Sub-Group A) 

The normal valency of the Group IV elements is four, but lower 
valencies (principally two) also occur with the heavier elements. In the 
four-valency state, the resulting compounds are all covalent (recent work, 
however, suggests that the plumbic ion, Pb+ +++ may exist) and this 
covalent nature is reflected in the volatile nature, absence of salt-like 
properties and ease of hydrolysis of the tetra-halides (SiCl 4 , TiCI 4 , SnCl 4 , 
PbCl 4 , etc.). Carbon tetrachloride is exceptional in the latter respect in 
that it is not hydrolyzed by water; the reasons for this difference, however, 
are discussed on p. 555. 

There is the same tendency as in other Groups of the Periodic Table 
for the elements with the higher atomic weights to occur also in lower 
valency states. Thus tin and lead in particular show a stable electro¬ 
valency of two in their stannous and plumbous salts (for example, stannous 
chloride, SnCl 2 , and plumbous chloride or lead chloride, PbCl 2 , etc.). This 
stable divalency is explained by the “inert character” of the first two 
electrons of the outermost quantum group. These two electrons, whic 
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from a complete sub-quantum group, are often referred to as the inert-pair, 
shown in brackets below. ' 

Sn 2 . 8 . 18 . 18 . 4 

Sn++ 2 . 8 . 18 . 18 . (2) 

The univalency of thallium (Group III) in many of its compounds and 

the inert-pah ° f b ‘ SmUth (Gl "° UP V) ^ similar| y “Pained in terms of 

CARBON AND SILICON 

The chemistry of these elements is remarkable for the very large number of 
stable compounds in which they occur in nature. The rock, soil and sand 

It f arth s crust are composed predominantly of silicon compounds, 
Whilst the vegetation and life which abound on its surface are almost 
entirely composed of various carbon compounds. 

Carbon, for example, occurs in the celluloses, suears, fats, oils etc 

to n ?he , e p aSS0C,ati °r f these COm P ounds with life in ifs various forms led 
tothe termo'y^c being applied to the compounds of carbon. Nowadays, 

oVo™ gr r d that a , 10 ? gh man y 0f these compounds result from living 
asso“fated Sh may be P roduc ed by the ordinary chemical reactions 
reiTir 1 !, ln ° rganK : chem istry. The term organic chemistry is still 
enmn d ’ , however ’ but thls term now implies the chemistry of carbon 

such com ^ °™ r » 
.r. T are“?ow„n COm P°" nds 

no ( n mil'll ° f Carb ° n t0 f ° rm stable covalency bonds with other 

"°"' . tals (hydrogen, oxygen, halogens, etc.) and particularly so with 

result,n', r° any l undamental change occurring in the properties of the 

p?o|!l”LTSo„ “ an,p "' CH - C ’ H * Ca - 

nofLTI° f Carb0 , n “ Uniform, y four - ° ther non-metals show 
l y d f u u nUmerlCal valen cies towards hydrogen on the one hand 

Often n Wa i rd !i m e hal ° genS ° n the °*er, but the resulting compounds are 

and PCl' etc.f rent chemical P ro Perties (e.g. H,S and P SF 6 ; PH, 

° f,he “ ny 

H H H 


H H H 
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H H H H 

H—C—C—C—C—H 

H H H H 


H H H H H 
H—C—C—C—C—C—H 
H H H H H 


Carbon differs from silicon in the following important respects— 

(i) The —Si—Si— chain decreases in stability with increase in the 
number of silicon atoms involved. This effectively limits the number of 
silicon compounds based on this —Si—Si— framework to the simpler 
members, such as SiH 4 , Si 2 H 6 , Si 3 H 8 , etc. 

(ii) Silicon does not form unsaturated compounds containing double 
and triple bonds, such as occur in many organic compounds— 



Ethylene ^C=C^ 


Acetylene —C = C—, etc. 


(iii) Whereas carbon dioxide is a gas with the simple molecular structure 
0=C=0, silicon dioxide ( silica ) is a solid with a very high melting 
point (> 2000°C), and has a so-called “giant-molecule” structure based 
on a three dimensional net-work of alternate silicon and oxygen atoms, 
as shown (in two dimensional perspective) in the following diagram— 


O-Si-O-Si-O-Si 

I I ! 

| I 

Si-O-Si-O-Si-O 


O-Si-O-Si-O-Si- 

! I 

I I 

Si-O-Si-O-Si-O- 



Fig. 170. Silica Structure in Two Dimensional Perspective 

Silicon does not form double covalent bonds with oxygen, but instead 
forms very stable single bonds, without limit apparently to the numbers o 
silicon and oxygen atoms so united. The linkage Si O , in fact, ap 
pears to play as fundamental a role in the chemistry of the large num ero^ 
silicate compounds which make up the earth’s crust as the C 
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linkage plays in the chemistry of the even larger number of organic 

compounds which result from living processes on the earth’s surface. 

(iv) The existence of such compounds as H 2 SiF 6 and SiF 4 (NH. { ) 2 shows 

that silicon is not completely saturated in its four-covalency state The 
reactions— 

2HF + SiF., = H 2 [SiF 6 ] 


and 



are essentially addition reactions in which silicon reveals its higher co- 
ordination number of six as compared with the maximum of four for 
carbon. This ability of silicon to co-ordinate additional atoms or molecules 
a property possessed also by the other Group IV elements, but not by 
carbon, explains why carbon tetrachloride alone of the Group IV halides 
is not hydrolyzed by water. Considering the hydrolysis of silicon tetra¬ 
chloride, the first reaction presumably is to co-ordinate a molecule of 
water, followed by the elimination of a molecule of hydrogen chloride 



HCI 


The net result is to replace chlorine by hydroxyl. This process repeated 
four times ultimately results in the substitution of each halogen atom by a 
hydroxyl group, as expressed in the equation— * 


SiCl 4 + 4H 2 0 = Si(OH) 4 + 4HC1 

silicic acid 


^“ IOride Cann0t form such intermediate addition 
with whter and so is not hydrolyzed. 


compounds 


the carbon cycle in nature 

£s rb p 0 u n re°form £ **“ f"?. ^ nature aS diamond - g™phite and in a 

are Essential ' 1 com P ounds °«ur extensively in nature and 

are essential constituents of all forms of plant and animal life These 

substances, whether free or in the combine d P state, owe their existen^e in 
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the first instance to the presence of carbon dioxide in the atmosphere. The 
green colouring matter, chlorophyll, present in the leaves and stems of 
plants, enables the latter to utilize solar energy to convert this carbon 
dioxide into various sugars by the following photosynthesis 

6C0 2 + 6H 2 0 + 660 000 cal. = C 6 H 12 O e + 60 2 

Some of the sugar is used by the plant as food sugar (during which it is 
converted back to carbon dioxide and water with the liberation of heat 
energy). The remainder is converted by the plant into starch and cellulose, 
which form the principal solid constituents of all vegetable tissue, and the 
foodstuff for herbivorous animals. Carnivorous animals, in their turn, 
obtain their carbon foodstuffs from the flesh of other animals. The slow 
combustion of these carbon compounds, which provides the energy 
necessary for the existence of all forms of plant and animal life, is essenti¬ 
ally a reversal of the above photo-synthesis. Oxygen provided by the 
atmosphere is thereby converted into carbon dioxide gas which is returned 
to the atmosphere. The carbon cycle is then complete; it provides the 
means whereby solar energy is stored so that it may later be utilized to 

sustain all forms of life. 

Coal is produced by the accumulation of vegetable matter throughou 
the ages. By bacterial oxidation and other processes some carbon, 
hydrogen, oxygen, and heat energy are lost, and the vegetable matter is 
slowly converted into peat, lignite and other coals of increasing har n 
and carbon content. In effect, the original solar energy absorbed by t 
plant is concentrated and preserved as solid fuels. This energy may h° we 
be released at any stage of the process by burning the fuel in an adequate 

supply of oxygen when, as before, carbon dioxide is formed a 

to the atmosphere. These natural fuels thus act as a storehouse of solar 
energy which is released by the completion of the carbon cycle. 

_>1 6CO a + 6H 2 0 + 660 000 cal. <-* 


(combustion) (chlorophyll) (living process) 

I 4 


Natural Fuels Sugar 

Coal-*—Peat-*-Wood<—! Cellulose ^Natural Food-stuflfs 

I ▼ i 

Starch 


Fig. 171. The Carbon Cycle 




CARBON 


557 


Allotropy of Carbon 

There are two different crystalline allotropic forms of carbon and both 

occur in nature. These are the diamond and graphite. Both have been 

examined by the methods of X-ray crystal-structure analysis. 

Diamond consists of a regular three-dimensional array of carbon atoms 

m w hich each carbon atom is linked tetrahedrally and covalently to the 
next carbon atom. 



Fig. 172. Tetrahedral Arrangement 
of Carbon Valency Bonds 


C=C 



Fig. 174. Graphite Structure: Hexa¬ 
gonal Arrangement of Carbon Atoms 



Fig. 173. Portion of Diamond 

Structure 



Fig. 175. The Arrangement of 
Planes of Carbon Atoms in 
Graphite 


Sta'SS'pLl'? £££*“"? “ *>™ * gia».-n»lec„,e «xp„i„ s 

property follows from’[he at f "7 ich k vola dHzes. The former 

any' planed^of weakness Jn 2 rrZT° Uhe lattice and ,he absence of 
results from the absence nf «■ \ 3 s * ruc * ure> whilst the latter property 

weak van der Waal’s forrec lm ? e mo l ecu,es held together by relatively 

low melting LTntfe™’nee “ OCCar ' n i"ost molecular crystals of 

does not melt butatvL-vrv u, om pounds). The diamond consequently 
melt, but at very h,gh temperatures (3600°C approx.) the increased 
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vibrational energy content results in the splitting off of carbon atoms so 
that diamond vaporizes. 

Graphite, on the other hand, has a two-dimensional sheet-like structure. 
Each layer is composed of covalently-linked carbon atoms which form a 
hexagonal-ring network. These layers are arranged parallel to other 
similar layers to which they are united not by valency bonds but rather 
by much weaker electrostatic forces of the van der Waal's type. 

The C—C distance in each plane is 1-42 A units. Since the C—C 
single-bond distance (found for example in diamond) is 1-54 A units, 
and the C=C double-bond distance (for example, in ethylene) is 1-34 A 
units, this intermediate value of 1*42 A units suggests that each plane of 
carbon atoms in graphite is a resonance hybrid of structure as shown in 
Fig. 173 and of the other two structures having the alternative arrangement 
of the double and single bonds. Such resonance would then give each 
G—C bond one-third double bond character, i.e.— 

/ / / 

=c ^ — c ^ —c 

\ \ \ 

The relatively large distance apart of these carbon sheets (3*4 A units) 
suggests that they are held together only by weak Van der Waal’s forces. 
This weakness enables the sheets to slide relatively and parallel to each 
other with only a minimum of effort, a behaviour which likens graphite 
to a pack of playing cards, and also explains its excellent lubricating 
properties. 

The so-called amorphous forms of carbon (charcoal, lampblack, coke, 
etc.) are all graphitic in character. They are composed of portions of the 
graphite structure and are most simply described as a random aggregate 
of microcrystals of graphite. 

Recent investigations, however, suggest the existence of a third crystal¬ 
line form of carbon in certain amorphous carbons. This form has a 
structure which is related to the graphite structure, but is very much 
more highly porous due to a three-dimensional cross-linking of the hexagon 
rings present in graphite. This third form of carbon in fact appears to 
have an open three-dimensional structure not unlike the “skeleton- 
structure" of some zeolites (see p. 605). Such a structure would explain 
the exceptionally high adsorptive power of certain activated carbons and 
in particular of the amorphous carbons producted by carbonizing (heating) 
calcium mellitate or by treating hexachlorobenzene, C 6 C1 6 , with sodium. 

Diamond occurs rather sparsely in various parts of the world, such as 
South Africa, Brazil, the Ural Mountains, Australia, and elsewhere. 
The principal source is South Africa where the diamonds occur in a type 
of rock known as “blue ground," which is found in cone-shaped depres¬ 
sions, or “pipes," thought to be the necks of extinct volcanoes. This 
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rock is mined and then exposed to the weather when it slowly crumbles to 
a powder from which the diamonds are recovered by handpicking or 
washing methods. At this stage the diamond appears in the form of a 
rounded pebble which has to be cut and polished by highly skilled crafts¬ 
men before it emerges as the brilliant sparkling gem-stone. 

The most valuable varieties of diamond are those which are clearest and 
least coloured. These are referred to as ‘'diamonds of the first water.” 
Other less valuable diamonds are coloured yellow, red, green, pink, and 
even blue, due to the presence of metallic impurities. The least valuable 
are those which are more deeply tinted grey or black. These are known as 
“carbonado” or “boart,” and although lacking in value as gem-stones, 
the fact that they are still diamonds, and therefore very hard, makes them 
especially valuable as abrasives in the cutting and polishing of other 
gem-stones (including the diamond), for the cutting edges of most present- 
day high-speed metal-turning machinery and for the tips of rock-drilling 
plant. They are usually referred to in this connexion as industrial diamonds. 

The two physical properties of diamond which stand out above all 
others are its abnormally high refractive index and its very great hardness. 
In its final cut and polished form as a gem-stone it is provided with a 
geometrical arrangement of artificial faces or facets so as to take the 
maximum advantage of its very high index of refraction (2*4) and dispersive 
power. The rainbow or spectrum of primary colours which is produced 
for example when ordinary white light is passed through a glass prism 
gives a simple picture of the effect produced on a more elaborate scale by 
the cut diamond. Of greater importance industrially is the fact that the 
diamond is the hardest of all substances. (The hardest substances so far 
produced on any significant scale by man are boron carbide and crystalline 
boron.) Reference to the crystal structure of diamond, a portion of w hich 
is shown on p. 557, shows that this very great hardness results from the 
unique way in which the carbon atoms are linked together in a uniform 
solid three-dimensional structure to form one giant-molecule. 

Other physical properties of diamond include its specific gravity 
(3-5, cf. 2*25 for graphite), and owing to its crystalline nature, its ability 
to transmit X-rays. Imitation diamonds made of glass, a non-crystalline 
material, are opaque to X-rays. This difference offers a simple means for 
distinguishing between real and artificial diamonds. 

is n0t very active chemicalI y- It burns in air with difficulty 
at 900 C, or in oxygen at about 700°C, to form carbon dioxide; it is not 

attacked by acids nor by alkalis, but may be oxidized to carbon dioxide 

by treatment with a mixture of potassium dichromate and concentrated 

2& nC , aCld at ab ° Ut 200 C * Reaction occurs with fluorine at about 
/OO C to form carbon tetrafluoride, CF,. 

That diamond is an allotrope of carbon may be shown by determining 
the weight of carbon dioxide produced by the complete combustion of a 
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weighed amount of diamond. The experiment may be carried out by 
strongly heating the diamond in a current of oxygen and absorbing the 
carbon dioxide in weighed potash bulbs provided with a phosphorus 
pentoxide moisture trap. 

Very little success has attended man’s efforts to synthesize diamonds. 
The largest synthetic diamond was produced in 1936 by Hershey at 
McPherson College, and measured 2x1x1 mm. The earliest evidence 
that diamonds could be prepared by crystallization at very high tempera¬ 
tures and pressures was obtained from the successful experiments of 
Moissan, who heated pure iron with sugar charcoal in a carbon crucible 
in an electric-arc furnace. The molten iron, so produced, dissolved the 
carbon, and when the temperature reached about 4000°C this solution 
was rapidly cooled by plunging the crucible into molten lead (m. p. 
327°C). This sudden cooling first solidifies the outer layer of cast iron. As 
the interior cools and the iron solidifies from the surface inwards, the 
carbon is so to speak pushed to the centre where the cast iron is last to 
solidify, and there crystallizes out under enormous pressure (since cast 
iron expands on solidification). When the iron was subsequently dissolved 
away by treatment with acid, some graphite, some boart and a few very 
small diamonds were recovered. 

Graphite, the other pure crystalline allotrope of carbon, occurs more 
abundantly in nature than does the diamond. The major deposits are 
found in Korea, Ceylon, Madagascar, Mexico, and in Germany (although 
extensive deposits formerly occurred in this country at Borrowdale in 
Cumberland), and are usually associated with impurities such as quartz, 
calcite, and silicate minerals. The graphite usually requires concentration, 
for example, by hand-picking or by more modern methods involving 
flotation, electrostatic and electromagnetic separation. Some graphites 
swell when moistened with nitric acid and this enables them to float away 
more easily from the gangue. Other chemical processes include treatment 
with hydrochloric acid, caustic soda, and also with hot water, as a result 
of which the graphite becomes more plastic and may then more easily be 
pressed into blocks, plates, rods, etc. 

In the trade, the name graphite is reserved for the crystalline flake 
mineral; the massive variety is termed plumbago and the more finely 
divided amorphous form, used in stove polishes, pencils, etc., is known as 
black lead. They are, however, all different physical forms of the same 
allotrope, graphite. 

Graphite is also manufactured artificially (at Niagara) from amorphous 
carbon by the Acheson Process. A mixture of petroleum coke and sand, 
together with a little binding material such as coal-tar, is packed into a 
rectangular fire-brick furnace provided with heavy carbon electrodes as 

shown in the diagram on p. 561. 

A central core of carbon-rods between the two electrodes conducts e 
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current through the charge, which is raised to and maintained at a very 
high temperature for some twenty-four to thirty hours. At the end of this 
period, the furnace is dismantled and the graphite collected. The reactions 
which occur are expressed in the following equations— 

SiO, + 5C = 3SiC + 2CO 
SiC = Si + C 

graphite 

The silicon carbide (carborundum), first produced, decomposes at the 

very high temperature involved, the silicon distilling off and the carbon 
remaining as graphite. 

Graphite is an opaque, flaky crystalline solid with a characteristic 
greasy feel and a slightly metallic grey lustre. Its more open crystalline 



Fig. 176. Manufacture of Graphite by the Acheson Process 


structure (see - p. 558) makes it less dense than the diamond (2-25 cf 3-5) 

o? el cmTcir e the Tan ^ in bein S a § ood “^ctor of heat and 
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n J'' e ™ re °P en stru u cture of graphite also facilitates its reaction with 
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occurs at the weakest points of the structure, that is, befw^n the Dlanes 
to be graphites in whLh 1 ^ c ese gtaphitic oxides are considered 
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light and which have a steel-blue lustre, are only stable in the presence of 
the concentrated acid. With water they are decomposed to reform 
graphite, which however retains some oxygen. The same type of reactivity 
is shown when degassed graphite is heated with fluorine at 400°-450°C A 
grey solid, of approximate composition CF, is produced in which layers of 
fluorine atoms are chemically interposed between the layers of carbon 
atoms. At higher temperatures further reaction occurs and the graphite 
structure is completely decomposed to form various carbon fluorides. 

Graphite is converted by the prolonged action of fuming nitric acid 
into mellitic acid, which consists of a benzene ring with six carboxyl 
groups replacing the six hydrogen atoms. When distilled with lime, 
mellitic acid furnishes benzene. This behaviour may be considered to 
offer chemical evidence for the six-membered ring-structure of the carbon 
atoms in graphite. 

COOH 

i 

I 

c 

/\ 

HOOC.C C.COOH 

I II 

HOOC.C C.COOH 

\/ 

c 

I 

COOH 

mellitic acid 

Graphite is rather difficult to ignite, but burns when heated in air or 
in oxygen at about 700°C to form carbon dioxide. It is not attacked by 
chlorine, by dilute acids nor by fused alkalis. 

A substance known as colloidal graphite is produced by treating graphite 
with a strong oxidizing agent such as chromic acid in aqueous solution 
containing a colloid such as gelatine or tannin. “Aqua-dag” and “Oil-dag” 
(dag — deflocculated Acheson graphite) refer to the suspensions in 
water and in oil respectively, and these are widely used as lubricants 
particularly for those parts of machinery which run at temperatures too 
high for ordinary oils to be used. 

The most important uses of graphite are for foundry facings for moulds; 
graphite (or plumbago) crucibles; lubricants; paints, brushes for electric 
motors; plates for dry batteries and electrodes for some electrolytic 
processes (e.g. commercial preparation of fluorine and of chlorine); and 
in stove polishes. Smaller quantities are used in the manufacture of 
lead pencils, in electrotyping (when it is used to provide a conducting 
surface on a non-conducting object, made for example of wood or plastics) 
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and also in certain rubber compositions. The so-called “lead” of pencils 
consists of a mixture of soft amorphous graphite, clay, and antimony 

whlch has been bak ed at a temperature between 800° and 

1IUU 

Amorphous Carbon. The numerous forms of amorphous carbon (lamp- 
ac , wood charcoal, animal charcoal, etc.) are all graphitic in character, 
and are thus not amorphous in the strict sense of the word. 

amp-black , a very finely divided form of amorphous carbon, is pro- 
need commercially by burning petroleum gases or acetylene in a limited 
supply of air. It is manufactured principally in U.S.A., and is used 
as a black pigment m printer's ink, paints, and in stove and shoe polishes. 
Considerable quantitic 8 are used in the manufacture of rubber tyres 
hen it acts both as a filler and as a bonding agent. 

Wood charcoal is produced by the destructive distillation of wood— 

{ Inflammable gases 

Pyroligneous acid (containing acetic acid, methyl 
alcohol, water, etc.) J 

Wood tar 

Charcoal (the residue) 

althoLh°? d n 6ated , ‘ n Cl ° Sed VeSSe,S or retorts in the absence of air, 
|p‘ h m 1111IS st, “ Produced, but on an ever-decreasing scale, by the much 

Pile (or C Z / m T °h ° f charcoal -buming. Billets of wood are stacked in a 

Se ni e T £ n a w “r ed ,r ith turf to P revent excessive combustion. 

whichsome ton T and after a P^od of days during 

which some 80-90 per cent of the original weight of the wood is lost the 

pile is dismantled and the charcoal collected ’ 

wiH'Z.e'^vTronen" , WhiCh P roduced il is obvious that charcoal 
of the wood dHve?.ff P ° US lkC structure - The destructive distillation 

of carbon with an open n “ho er ° US V °^ ile pr ° duCtS and Ieaves a Nekton 

occupied bv air his P ih h ° neyComb structure, the pores of which are 

apparent dens v of ,° f this air which 8 ives ‘he charcoal an 

removed underTiigh vacuum " ?° alS °" Water ' If ‘ b is air is 

of charcoal whicl/also arm ’ f charcoal sinks. It is this porous structure 

gases and liquids Adsornhn ^ '* S m ° St , VaIuablc property of adsorbing 
should be carefully distinguished f essentiall y a surface phenomenon and 
mass of the absorbent and Uth absor P t, on which involves the whole 
we speak of the adsorntinn ! h efor ® a somewhat slower process. Thus 
but of the absorption 5 of a S3S f S by charcoal (that is, surface effect). 

The adsorption of eases bv chf ^i & lqUld (that is ’ soluti °n effect), 
form of chemlLl attachment Sf trL 1 ! ‘° reSU,t from some 

atoms in the pores of the strnctnr ® molecules to the surface carbon 
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unmolecular layer of adsorbed gas molecules. The reason why a small 

piece of charcoal may adsorb many times its own volume of gas (e.g. 

170 volumes of ammonia at 0°C) follows from the fact that in the gaseous 

state each molecule is from ten to fifteen molecular diameters (assuming 

the molecule to be spherical) away from its nearest neighbour, whereas 

in the adsorbed state, this distance is reduced to negligible proportions. 

I he effect is not unlike the contraction which occurs when a gas liquefies, 

when the intermolecular distance is reduced to about two molecular 
diameters. 

The volume of gas adsorbed by charcoal increases— 

(a) With decrease in temperature; charcoal cooled for example in a 
bath of liquid air is often used to remove residual gases in the production 
of high vacua. Charcoal at liquid air temperature adsorbs thirteen times 
the volume of oxygen that it adsorbs at room temperatures. 

(b) The higher the boiling point of the gas , or in other words the more 

easily the gas condenses. The relationship is not exact, but this preferential 

adsorption of the more easily condensed gases has proved particularly 

valuable in gas-masks, since the various poisonous gases are for the most 

part all much more easily condensed and therefore more readily adsorbed 

than is oxygen. The gas-mask thus serves to filter out the poisonous 
gases. 

(c) By activating the charcoal so as to increase the internal surface area. 

In practice this is usually effected by heating the charcoal with a little steam 
in the absence of air. Most of the charcoal used industrially is activated 
by this or other similar methods. 

An important result of this adsorption phenomenon is the use of 
charcoal to catalyze certain gaseous reactions, which either do not occur 
or else occur only very slowly at ordinary temperatures. For example— 

H 2 + Cl 2 = 2HC1 

so 2 + Cl 2 = so 2 ci 2 

sulphuryl chloride 

CO + Cl 2 = COCl 2 

phosgene 

It will be apparent that reaction between two molecules can only occur 
when the two molecules come into contact with each other, and that in 
the gaseous state this chance encounter will clearly occur many times less 
frequently than when the molecules are brought intimately together in the 
adsorbed state inside the pores of the charcoal. For this reason, charcoal 
is said to catalyze the above reactions; it speeds up the rate of the reac¬ 
tions so that they occur at ordinary temperatures, and is itself chemically 
unchanged at the end. 

Animal Charcoal, Bone Charcoal, or Bone-char, is made by the destruc¬ 
tive distillation of bones in closed retorts. In practice the bones are usually 
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first degreased with benzene or naphtha and the valuable gelatine then 
removed by steam or hot water treatment. The products of the destructive 

£S a /n- n 'r ^ n TT n ' a and ° ther § ases > an unpleasant smelling 
nf ttf \° P pe s 0 ‘ r \! whlch contains pyridine and certain of the homologues 
the latter, and the residue in the retort is animal charcoal. The latter 

disserrdna^pH Hi ‘° ° f charcoal which is very finely divided and 

hZ n :d ! hrou S h a Porous mass of calcium and magnesium phosphates. 

digested hT $ e T ainin S after animal charcoal ha s been 

digested with hydrochloric acid to remove the phosphates. 

is wooTJhtrelT 1 and much more easil y wetted b y liquids than 

adsorbing . ls therefore more suitable than wood charcoal for 

extensile?; removln 8’ substances in solution. In particular, it is 

mercial nmdnct. I removing colouring matter and refining many com- 
Slid In hnf' ? the fi refining of sugar, for example, the raw sugar is 
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lignite, etc.) is impregnated with zinc chloride or syrupy phosphoric 
acid before carbonization. The zinc-chloride-impregnated material is 
then carbonized at a temperature between 400° and 600°C, and the product 
treated with acid to leach out the residue of zinc oxide. The phosphoric 
acid treated material is carbonized for 8 to 10 hours at a final temperature 
of approximately 1000 C. Oxidation of the tarry matter occurs and the 
phosphoric acid is reduced to phosphorus which distils off. 

Chemical Properties of Amorphous Carbon. Chemically, amorphous 
carbon is more reactive than diamond and graphite, and reactions occur 
at a correspondingly lower temperature. It combines directly with oxygen 
on heating to form carbon dioxide, with fluorine to form carbon tetra- 
fiuoride, but not with chlorine, bromine, or iodine. The absence of flame 
in these reactions is a necessary consequence of the practically non-volatile 
nature of carbon {see p. 557). Small quantities of various hydrocarbons 
may be produced by heating carbon in hydrogen at high temperatures and 
pressures. Direct reaction occurs between sulphur vapour and carbon 
at the temperature of an electric furnace to form carbon disulphide, and 
between silicon and carbon in the electric furnace to form carborundum. 
Some metals combine directly with carbon at very high temperatures to 
form carbides (e.g. CaC 2 , A1 4 C 3 , Fe 3 C). 

At sufficiently elevated temperatures, carbon is a powerful reducing 
agent. Thus, it reduces many metallic oxides to the metal (e.g. CuO, 
PbO, SnO, ZnO and Fe 2 0 3 , but not the oxides of the alkali and alkaline 
earth metals); reduces steam to hydrogen as in the production of water- 
gas {see p. 573); reduces carbon dioxide to carbon monoxide; reduces 
hot concentrated sulphuric acid and also hot concentrated nitric acid— 

C + 2H 2 S0 4 = 2H 2 0 + 2S0 2 + C0 2 

C + 4HN0 3 = 2H 2 0 + 4N0 2 + CO, 

and may react explosively with solid oxidizing agents such as potassium 
perchlorate, potassium chlorate, potassium nitrate, etc. Gunpowder is a 
mixture of about 75 per cent of potassium nitrate, 10 per cent of sulphur, 
and 15 per cent of charcoal; ophorite , a mixture of potassium perchlorate 
and charcoal, is dangerously explosive. 

Oxides of Carbon 

Carbon Dioxide, C0 2 . The usual laboratory method of preparation is 
to treat marble chips with dilute hydrochloric acid. The reaction occurs 
in the cold and may be carried out in a Kipp's apparatus— 

CaC0 3 + 2HC1 = CaCl 2 + H.O + C0 2 

The gas may be dried by concentrated sulphuric acid, phosphorus 
pentoxide or calcium chloride, and (since it is moderately soluble in 
water) is collected by the upward displacement of air. 
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_ 2 SS r diOXi t i * liberated b >' the action of heat on any metallic 
or basic «rbonate— d,Um ' P ° taSS ' Um ’ ° r barium earbonates), bicarbonate 

CaC0 3 = CaO + C0 2 
2NaHC0 3 = Na_C0 3 + CO, + H..O 
CuC0 3 . Cu(OH) 2 = 2CuO -f H 2 0 + CO." 

rZtTl a T D °f, ca u rbon or its compounds in excess of air or oxygen 

cyS” oJn tssftb part - played by Carbon dioxide in the “carbon 

cycle (.see p. 555), also gives rise to carbon dioxide— 

C + o 2 = co 2 

2CO + 0 2 = 2C0 2 
CH 4 + 20 2 = C0 2 + 2H 2 0 

methane 

Industrially, carbon dioxide is produced in large quantities in- 
(«?p 502)- n ^ C l U1Ck - lime b y burn *ng limestone in lime-kilns, 

CaC0 3 = CaO + C0 2 
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carbon dioxide cannot be liquefied no matter how high the pressure. 
Liquid carbon dioxide is a colourless mobile liquid, and is only stable 
under pressure, as indicated in the accompanying equilibrium diagram. 

When liquid carbon dioxide is allowed to flow from an inverted carbon 
dioxide cylinder into an open vessel, or better into a cloth bag, the heat 
absorbed by the iapid evaporation of a portion of the carbon dioxide 
solidifies the remainder to produce a white, snow-like mass of solid 
carbon dioxide. Commercially, this “snow” is compressed hydraulically 
into blocks of dry ice, etc. Only about 30 per cent of the liquid carbon 
dioxide is solidified in this way, but the remainder is reliquefied and the 
process repeated. Solid carbon dioxide evaporates without melting at 

— 78°C, but it may be liquefied 
if the pressure is increased to 
about five atmospheres. The 
reason why solid carbon dioxide 
does not evaporate rapidly in 
air at ordinary temperatures is 
due partly to its high latent 
heat (87*2 cal./g) and partly to 
(one atmosphere) the fact that it surrounds itself 

with a protecting blanket of 
heavy carbon dioxide gas. It 
may therefore be stored for 
long periods and distributed 
by rail, etc., without appreci¬ 
able evaporation losses. It is 
used as a refrigerant both in the solid form and also when added to 
organic liquids with low boiling points (e.g. acetone, ether, etc.). Ether, 
for example, may be cooled in this way to about —110 C in air, or to 
—140°C under reduced pressure, the lower temperature in the latter case 
resulting from the more rapid evaporation of the carbon dioxide. 

Examples of the uses of solid carbon dioxide include the storage and 
transport of ice-cream, the preservation of foodstuffs (fish, etc.) being 
transported over long distances, the manufacture of mineral waters, and 
in industry in the shrinkage fitting of machine parts. 

The solubility of carbon dioxide in water increases considerably with 
increase in pressure. Thus, in the Bosch process for manufacturing 
hydrogen (see p. 367), the carbon dioxide is almost completely removed 
by washing with water under 25-50 atmospheres pressure. Mineral-water 
and “soda-water” contain carbon dioxide in solution under pressure. 
When the pressure is released the solution effervesces due to the escape of 
the gas from solution. 

Carbon dioxide does not burn nor support combustion, and this 
property accounts for its use in certain types of portable fire-extinguishers. 
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Fig. 177. Equilibrium Diagram for 

Carbon Dioxide 




CARBON 


569 


One type contains a dilute solution of sodium bicarbonate and a vessel 
containing sulphuric acid. When the fire-extinguisher is inverted the 
two solutions come into contact, and the pressure developed hv th^ 
resulting liberation of carbon dioxide forces the still reactin" fiquids and 
dissolved carbon dioxide out through the delivery jet A blanket of 
relatively heavy carbon dioxide thus fends to isolate the flames from the 
oxygen of the air, and the fire is extinguished. Portable fireTxtinSers 
containing carbon dioxide under pressure are also in exteS use 
Carbon dioxide will, however, support the combustion of sodium notas 
* “ m and ma g n esium, if these are first ignited before plunging into the 

4K + 3C0 2 = 2K 2 C0 3 + C 
2Mg + C0 2 = 2MgO + C 

- ssfisss -— 

h 2 o + co 2 = H 2 C0 3 

although this acid is too unstable to isolate It i« 

bonates, baTc^ 

when carbon dioxide is passed into a2B'Sodium hjd^-^’ 

2NaOH + C0 2 = Na 2 C0 3 + H 2 0 
Na 2 C0 3 + H 2 0 4 - C0 2 = 2NaHCO., 

o 

sodium bicarbonate 

SSTSoS^ S t 0 he iU so.u h £ 0 tiitf the firSt f ° rmed 

further passage of carbon dioxide,te°c?ubt^calcium h"* Wlth 

and the solution turns clear arain Thef! 4 . a,Clum bicarbonate forms 

the familiar lime-water test for carbon dioxide—^ ^ th ° Se invoJved in 

Ca(OH) 2 + C0 2 = CaC0 3 j + R 2 0 
CaC0 3 + H 2 0 + C0 2 = Ca(HC0 3 ) 2 

Sodium, potassium and barium carbonates are nnt a 
heating, but other carbonates decomnose nn if ,- decomposed by 
dioxide (magnesium, calcium and lithium ^ eatln g to liberate carbon 
fairly high temperatures)- th ‘ Um Carbonates > however, require 

CaC0 3 = CaO + C0 2 

AU bicarbonaies d«o„, pose on heatin( , ^ ^ ^ 
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normal carbonates, and these may then decompose further at higher 
temperatures, as described above. 

2NaHCO a = Na 2 C0 3 + C0 2 + H 2 0 
Ca(HC0 3 ) 2 = CaO + 2C0 2 + H 2 0 

The carbonates of sodium, potassium and ammonium are soluble in 
water, but all the others are insoluble; the bicarbonates are all soluble, 
but those of sodium and potassium are amongst the least soluble. The 
insoluble carbonates are usually prepared by double decomposition with 
aqueous sodium carbonate, e.g.— 

FeS0 4 4- Na 2 C0 3 = FeC0 3 I + Na 2 S0 4 

but with metals lower in the electrochemical series (e.g. copper and lead), 
a basic carbonate such as CuC0 3 . Cu(OH) 2 is precipitated instead of the 
normal carbonate. Normal magnesium carbonate is precipitated on 
adding a solution of sodium bicarbonate saturated with carbon dioxide to 
a solution of a magnesium salt. 

All these carbonates, bicarbonates and basic carbonates effervesce 
when treated with a dilute acid. Some natural carbonates, such as mag¬ 
nesite, MgC0 3 , siderite, FeC0 3 , and dolomite, CaCO a . MgC0 3 , do not 
react appreciably in the cold, but reaction occurs rapidly with the powdered 
minerals on w'arming. Only the very weak acids, such as boric acid, 
hydrogen sulphide, and hydrocyanic acid do not react in this way. 

A bicarbonate may be distinguished from a normal carbonate by such 
tests as— 

(< a ) Add a solution of magnesium sulphate to a cold solution of the 
carbonate or bicarbonate. If a white precipitate is formed immediately, 
then the solution contains a normal carbonate, but if the white precipitate 
only forms on boiling, then it contains a bicarbonate— 

Na 2 CO s + MgS0 4 = Na. 2 S0 4 + MgC0 3 i 
2NaHC0 3 + MgS0 4 = Mg(HC0 3 ) 2 + Na 2 S0 4 

soluble 

Mg(HC0 3 ) 2 ——MgC0 3 l + C0 2 -F H 2 0 

(ib ) Boil the unknown solution. If carbon dioxide is evolved (lime-water 
test), a bicarbonate is present. 

(c) Add a solution of mercuric chloride. Normal carbonates give a 
reddish brown precipitate of a basic mercuric carbonate in the cold, 
whereas bicarbonates only give the precipitate on boiling. 

To detect a bicarbonate in presence of a carbonate, the usual method is 
to add excess of calcium chloride to precipitate the normal carbonate as 
calcium carbonate and convert the bicarbonate into calcium bicarbonate. 
The calcium carbonate is filtered off, and the filtrate then treated wit 
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ammonium hydroxide. The formation of a white precipitate then indicates 
the presence of a bicarbonate— 

CaCHCOa), + 2NH 4 OH = CaC0 3 l + (NH 4 ) 2 C0 3 + 2H 2 0 

Composition of Carbon Dioxide. 

That carbon dioxide contains only 
carbon and oxygen is established by 
the formation of the gas when pure 
carbon is burnt in oxygen. If the ex¬ 
periment is carried out by heating a 
piece of charcoal in a confined volume 
of oxygen, for example in a eudiometer 
(see Fig. 178), then when the original 
temperature condition has been re¬ 
stored it is found that there is no 
resultant change in volume. Thus— 

Carbon + 1 volume of 0 2 -> 1 volume 

of C x O y 

whence, by Avogadro's hypothesis— 

Carbon + 0 2 -* C x O y 

so that the formula of carbon dioxide 
is C x 0 2 . 

The same result may be obtained Fig - 178. Eudiometer for Deter- 
gravimetrically by burning a weighed mination of Carbon Dioxide 
amount of carbon (sugar charcoal, by Volume 

etc.) in a stream of carbon dioxide-free air and finding the weight of the 

resulting carbon dioxide by absorption in weighed potash bulbs, as 
shown in Fig. 178. or ’ 




Fig. 179. Apparatus for Determining the Composition of 

Carbon Dioxide by Weight 


thSlSfrS ° f 8 T Ular cu P ric oxide > which ‘S maintained at red-heat 
throughout the combustion, serves to oxidize any carbon monoxide to 

carbon dioxide. The experiment shows that 3 00 g of carbon combine 
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with 8-00 g of oxygen to form carbon dioxide, the equivalent weight of 
carbon being therefore 3*00. Since the molecular weight of carbon 
dioxide, as determined from its vapour density, is 44, this result shows 
that each gramme-molecule contains 12 g of carbon and 32 g of oxygen, 
and hence that its molecular formula is C x 0 2 (since the atomic weight of 
oxygen is 16). 

To determine x, it is necessary to know the atomic weight of carbon. 
This has been determined by Cannizzaro’s method (see p. 34) and shown 
to be 12. Since, therefore, one gramme molecule of C x 0 2 contains 12 g of 
carbon, it follows that x equals one, and that the molecular formula 
of carbon dioxide is C0 2 . 



Fig. 180. Preparation of Carbon Monoxide from Oxalic Acid 


Uses of Carbon Dioxide. Many of the uses of solid carbon dioxide 
have already been mentioned on p. 568. Other uses of carbon dioxide 
gas include the manufacture of sodium carbonate by the Ammonia-Soda 
process (see p. 432), the preparation of mineral and soda-waters, the 
manufacture of “white-lead,” in fire extinguishers, and also in the solid 
form as a refrigerant. The latter delays bacterial decomposition of food¬ 
stuffs not only because of the low temperature produced but also because 
bacteria do not thrive in an atmosphere of carbon dioxide. 

Carbon Monoxide, CO. The usual laboratory method is to remove the 
elements of water from formic acid or oxalic acid by the action of con¬ 
centrated sulphuric acid and warming— 

Formic acid H . COOH — H 2 0 = CO 

COOH 

Oxalic acid I — H 2 0 * CO - 1 - C0 2 

COOH 
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A suitable form of apparatus is shown on p. 572, and includes a wash- 

bottle containing a strong solution of potassium hydroxide to remove the 

carbon dioxide and traces of sulphur dioxide. The carbon monoxide is 

collected over water, but may be dried by means of calcium chloride, 

concentrated sulphuric acid or phosphorus pentoxide and then collected 
over mercury. 

Carbon monoxide may also be prepared— 

(a) By heating potassium ferrocyanide with excess of concentrated 
sulphuric acid. The reactions are complex and probably involve the 
intermediate liberation of hydrocyanic acid (HCN) which is hydrolyzed 
to form ammonia and formic acid. The ammonia is fixed by the sulphuric 
acid as ammonium sulphate, and the formic acid then liberates carbon 
monoxide by the reaction described above— 

K 4 Fe(CN) G + 6H 2 S0 4 + 6H 2 0 = 

2K 2 S0 4 + FeSO, + 3(NH 4 ) 2 S0 4 + 6CO f 

(b) By passing carbon dioxide through a long tube containing carbon 

heated to redness. The latter reduces the carbon dioxide to form carbon 
monoxide, and any unreduced carbon dioxide is removed by passing 
through a wash-bottle containing potassium hydroxide solution. & 

CO> + C = 2CO 

. N ote—The reverse process of oxidizing carbon monoxide to carbon 
dioxide is e(feeted by passing carbon monoxide through a column of 
granular cupric oxide heated to redness— 


CO + CuO = Cu + C0 2 

i . . . , ^ | ^ ^ oxygen is used instead of 

cai bon dioxide The oxygen is converted to carbon dioxide in the first 

part of the carbon column, and this is then reduced to carbon monoxide 
as in — 

c + o 2 = co 2 

C0 2 + C = 2CO 


Industrially, carbon monoxide is produced in very large quantities in 
the form of various gaseous fuels, such as producer gas, water gas semi¬ 
water gas, carburetted water gas, blast-furnace gas and coal Js Th« e 

fnclutdS for^S'en" ^ P ^ bUt ^ f ° liOW '^ brief "° teS 
Producer gas is a mixture of carbon monoxide and nitrogen produced bv 

reaction is exo'thermit h0t 31 3 tem P erature of a b°ut 1000°C. The 

Water gas is produced by the endothermic reaction of steam on coke at 
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high temperatures (1200°-1400°C) and contains carbon monoxide and 
hydrogen as the principal constituents. 

C + H 2 0 = CO + H 2 - 29 000 cal. 

A small quantity of carbon dioxide is also produced, but the amount 
becomes insignificant at very high temperatures— 

C + 2H 2 0 = C0 2 + 2H 2 - 19 000 cal. 

Semi-water gas is virtually a mixture of producer gas and water gas and 
is produced by passing air and steam together over coke heated to about 
1000°C. The proportion of air to steam is so regulated that the heat 
evolved by the producer gas reaction compensates for the heat absorbed 
by the water gas reaction, so that the coke remains red hot. 

Carburetted water gas consists of water gas together with various gaseous 
hydrocarbons, and is produced by heating water gas, into which is injected 
a fine spray of oil, to about 750°C. The oil breaks down under the heat 
treatment to form simple hydrocarbons, such as methane (CH4), ethylene 
(G>H 4 ), etc., which are gases at ordinary temperature. 

Coal gas contains about 8 per cent of carbon monoxide and is produced 
by the destructive distillation of coal. The principal constituents of coal 
gas are hydrogen and methane. 


Table 90 


Approximate Percentage Composition of Gaseous Fuels with their 

Calorific Values 


Fuel 

CO 

H 2 

n 2 

co 2 

Hydrocarbons 

Calorific Value 
(B.Th.U./ft 3 ) 

Producer Gas 

23 

18 

49 

6 

4 

180 

Water gas 

43 

47 

5 

4 

1 

300 

Carburetted water gas 

36 

38 

4 

4 

18 

470 

Blast furnace gas . 

28 

3 

57 

11 

1 

100 

Coal gas 

8 

53 

6 

2 

31 

530 


Properties of Carbon Monoxide. Carbon monoxide is a colourless, 
odourless gas, approximately the same density as air (14-0, cf. 14-4), and 
is practically insoluble in water. It is extremely poisonous since it combines 
with the haemoglobin of the blood to form carboxy-haemoglobin, and 
so prevents the red blood corpuscles from supplying oxygen (via oxy- 
haemoglobin) from the lungs to other parts of the body. This deficiency ot 
oxygen leads to a form of suffocation, and death. Concentrations o 
carbon monoxide less than one per cent prove fatal if inhaled for woy 
moderate length of time, (0 02 per cent is associated with the first siigat 
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symptoms of poisoning on prolonged exposure). Carbon monoxide is 
particularly dangerous because of its absence of odour, so that its presence 
may not be suspected until too late. It is present in “after-damp,’* the 
gas present in coal mines after an explosion, and results from the incom¬ 
plete combustion of “fire-damp” (methane). Carbon monoxide is in fact 
produced in practically all cases of incomplete combustion of carbon 
compounds for example, in the exhaust gases from petrol engines, in 
coal gas, and in coke fires. Various unpleasant smelling gases are deliber¬ 
ately left in or even added to, coal gas so that any leakage may readily 
be noticed, but it should be noted that the olfactory organs quickly become 

dulled so that after a time coal gas loses its unpleasant odour and fatal 
accidents may then occur. 

Carbon monoxide burns in air with a characteristic blue flame to form 
carbon dioxide. This blue flame may often be seen above a clear-burning 

Trft t J ie C * rb0 " monoxide bein g formed by the reduction of the 
hrst formed carbon dioxide as it passes upwards through the hot coals— 

c + o 2 = co 2 

C0 2 + C = 2CO 


Mixtures of carbon monoxide and oxygen (or air) may explode when 
sparked, but .f the gases are very thoroughly dried explosion issaid not to 

Carbon monoxide is dassified as a neutral oxide, since it does not react 
under ordinary conditions with either acids or bases. It does however 
react with solid sodium hydroxide at about 200°C under pressure to form 

scat- ’ " reaCti ° n WhiCh i$ n ° W Carried out a commercial 


rsauH + LO = H. COONa 

sodium formate 


reverab'e. and arbor, monoxide is no. therefore regarded as' an addTc 
Carbon monoxide has the structure C=0 in which earh at™ u 

acquired its full complement of electrons- oxygen acouires t h 


c=o 


or 


c=o 


Presumably, the carbon monoxide changes to the former 


reactive form 
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under the polarizing forces of the other compound immediately before 
the addition reaction. Examples of these addition reactions include— 

(a) The addition of carbon monoxide to chlorine in the presence of 
sunlight or charcoal to form phosgene, COCl 2 — 

CI \ 

CO + ci 2 = >c=o 

CK 

carbonyl chloride 


(b) The solution of carbon monoxide in ammoniacal or hydrochloric 
acid solution of cuprous chloride to form the compound, CuCl. CO . 2H 2 0. 
This reaction is used in gas analysis to absorb carbon monoxide from a 
mixture of gases. 

(c) The addition of carbon monoxide to certain metals (particularly 
such metals as nickel which can be prepared in a reactive form by reduc¬ 
tion of the oxide at comparatively low temperatures) to form a class of 
compound known as metallic carbonyls. Examples include 

Nickel carbonyl, Ni(CO) 4 —a colourless liquid, b. p. 43°C. 

Cobalt carbonyl, Co 2 (CO) 8 —orange solid, m. p. 51°C. 

Iron carbonyls, e.g. Fe(CO) 5 , Fe 2 (CO) 9 and Fe 3 (CO) 12 . 



Fig. 181. Nickel Carbonyl 


O 



These metallic carbonyls are characterized by their 

me oxide is reduced unde, 

conditions, and the crude metal then treated with carbon^it does not 

at about 50°C at atmospheric pressure (at this pressure coba 

form a carbonyl). The resulting nickel carbonyl is earned away ( a a 

gas) by the circulating gas into “decomposers, ma,nta , n ^ n a '^. t s 7 h P e n ^kel 
of 180-200°C. The nickel carbonyl decomposes and deposits t 
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on small pellets of nickel (2-5 mm diameter) which are made to fall 
down the tower. The product is 99*8 per cent pure nickel and is free 
from cobalt impurity but does contain about 0-25 per cent of iron due 
to the simultaneous formation and volatilization of iron carbonyl. 

( d ) The alkali and alkaline-earth metals form a different and much less 
important class of “carbonyl” with carbon monoxide, and mention will be 
made only of one of these compounds, namely, potassium carbonyl. 
This compound, having the composition (KCO)„, is produced as an 
explosive by-product in the old method of producing potassium by 
reduction of the carbonate at high temperatures with carbon. It was 
later shown that potassium absorbs carbon monoxide at about 80°C to 
form K 6 (CO) 6 . This compound is not, however, a true carbonyl- it is 
the potassium salt of hexahydroxy-benzene, C 6 (OH) 6 , which it ’forms 
when treated with dilute hydrochloric acid. 

Carbon monoxide is a reducing agent. At room temperatures, it 

reduces Fehling s solution to cuprous oxide and ammoniacal silver nitrate 

to metallic silver. At elevated temperatures it reduces oxides of the 

baser metals (e.g PbO, CuO, FeO) to the metal, a reaction which occurs 
for example, in the blast furnace— 9 

FeO -f CO = Fe + C0 2 

It will not, however, reduce oxides of the metals in the upper half of the 
electrochemical senes (MgO, A1 2 0 3 , CaO, etc.). It reduces iodine pentoxide 
o liberate iodine the easy detection of which makes this reaction one of 

e,!i ' s ' me,h<xls for 

I 2 O 5 + 5CO = I 2 + 5C0 2 

Detection of Carbon Monoxide. The usual laboratory method is the 
odine pentoxide reaction mentioned above. One form of portable apoar 
atus uses iodine pentoxide in admixture with sulphuric acid P Other methods 

S ox'idbedh 0131 ' 311 - 0 metl l 0d ’ in which the carbon monoxide is catalytic- 

£.ST£ rf™ d ™ "* ° X 'd“ ° f “ Pper - cobalt^nd 

estimated hvl ?L mercuric ox.de in which the liberated mercury is 
mated by a test-paper impregnated with selenium sulphide- and the 

2 volumes + 1 volume 0 2 -> 2 volumes C0 2 



578 


THE ELEMENTS OF GROUP IV 


whence, by Avogadro’s hypothesis— 

2C x O v + 0 2 = 2C0 2 

so that the molecular formula of carbon monoxide is CO. 

Carbon Suboxide, C 3 0 2 . Carbon suboxide was first prepared by heating 
a mixture of diethyl malonate with a large excess of phosphorus pentoxide 
at about 300°C, but it may also be prepared from malonic acid by the 
same method— 

^x:ooh 

CH 2 - 2H 2 0 = Cj0 2 

\:ooh 


Coke 


It is a gas at room temperatures (b. p. 6°C, m. p. — 111°Q, has a 
pungent odour and is poisonous. The mixture with oxygen explodes 

when ignited to form carbon dioxide. 
. .. Carbon Disulphide It reacts with cold water to form malonic 

Vapour acid, anc j j s therefore regarded both as 
^ a sub-oxide and as the anhydride of 

malonic acid. 

Hydrocarbons. Carbon forms a very 
large number of compounds with 
hydrogen, and many of these com¬ 
pounds are described in the Organic 
Chemistry section of this book, for 
example in Chapters 27 and 37. The 
student should, however, familiarize 
himself at this stage with the simpler 
hydrocarbons, such as methane (CH 4 , 
p. 870), ethylene (QH 4 , p. 859) and 
acetylene (C 2 H 2 , p. 878), since a know¬ 
ledge of these three hydrocarbons is of 
considerable value in understanding the 
inorganic chemistry of Carbon. 

Carbon Disulphide, CS 2 , is a colour¬ 
less liquid, which is prepared commerci¬ 
ally by the action of sulphur vapour 



Sulphur 


Fig. 183. Manufacture of 
Carbon Disulphide 


on carbon at very high temperatures in an electric furnace as shown in 
the accompanying diagram— 

C + 2S = CS 2 - 21 000 cal. 

Two pairs of carbon electrodes are inserted symmetrically into the 
circular hearth of the furnace. Coke is fed through four hoppers, arrange 
one above each electrode. Above the hearth is a tower packed with co e 
which is heated from the hearth. The tower and the hearth are jac et 
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by channels containing sulphur (fed in through hoppers at the top) which 
effectively insulates the tower and supplies molten sulphur to the well in 
the hearth of the furnace, where it is volatilized. The sulphur vapour 
passes upwards through the incandescent carbon with which it reacts to 
form carbon disulphide. The carbon disulphide vapour passes out at the 
top of the furnace to suitable condensers. Temperature regulation in the 
furnace is largely automatic; increase in temperature causes more sulphur 
to melt and flow to the hearth where it rises and partially covers the carbon 
electrodes. Since sulphur is a non-conductor, this is equivalent to reducing 
the effective surface of the electrodes so that the temperature falls. 

Carbon disulphide is a colourless liquid, boiling at 46°C. As normally 

prepared it has a most unpleasant odour, but when purified by shaking 

with mercury or lead acetate, it has a smell not unlike that of chloroform. 

The unpleasant smell, however, soon returns. The vapour is both poisonous 

and very inflammable, and forms explosive mixtures with air and also 
with nitric oxide (see p. 652)— 


2CS 2 + 50 2 = 2CO -f 4SO.> 

2CS 2 + 10NO = 2CO + 4S0 2 + 5N 2 

The very low ignition temperature of carbon disulphide vapour and the 
ease with which the liquid vaporizes, make carbon disulphide one of the 
most dangerously inflammable liquids normally used in the laboratory. 
Small quantities only should be used at a time, and the storage bottle 
kept in a cool place away from flames. 

The uses of carbon disulphide are numerous; it dissolves sulphur 
phosphorus, iodine, essential oils, rubber, gums and resins, and also 
alkaloids. It is used extensively in the manufacture of carbon tetrachloride 
{see p. 580) and in the production of viscose artificial silk 
In the production of viscose, the cellulose (wood pulp or cotton pulp) 

w 1Um ^"° xide solution to form alkali celluloses such 
as C 6 H 9 0 4 (0Na) (empirical formula)— 

C 6 H 10 O 5 + NaOH = C 6 H 9 0 4 (0Na) + H 2 0 

InH S if' 1 j 3h “ ,lul0Se is then se P ar ated from the excess alkali by filtration 
and hydraulic presses to form sheets of alkali cellulose. These are con¬ 
verted into a fluffy form by machines fitted with large spiral blades and 

fften treated wffh carbon disulphide to form an orange-fed sticky gelatinous 
mass, soluble in water, of cellulose xanthate_ ° 


/O . c 6 h 8 o 4 

C 6 H 9 0 4 (0Na) + CS 2 ->- C=S 

\SNa 

Excess carbon disulphide is distilled off under reduced pressure, and the 
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xanthate then dissolved in aqueous sodium hydroxide to form viscose. 
Artificial silk is produced by forcing this solution through very small 
holes (or spinnerets) into a bath of dilute acid, which neutralizes the 
alkali and decomposes the xanthate to leave a continuous filament of 
cellulose (or artificial silk). 

Carbon Tetrachloride, CCI 4 , is prepared by passing chlorine gas into 
boiling carbon disulphide containing a little iodine— 

CS 2 + 3C1 2 = CC1 4 + S 2 C1 2 

The carbon tetrachloride (b. p. 77°C) is separated from the sulphur 
monochloride (b. p. 138°C) by distillation. 

Carbon tetrachloride is a relatively inert, non-inflammable liquid with 
excellent solvent properties for grease, etc., and is often used for this 
purpose in dry-cleaning of clothes, etc. It is also used in the “Pyrene” 
fire-extinguishers, but such fire-extinguishers must not be used to control 
sodium or magnesium fires, since carbon tetrachloride reacts violently 
with sodium vapour. Unlike other halides of the Group IV family, carbon 
tetrachloride is not hydrolyzed by water. 

Cyanogen and its Compounds 

Cyanogen, C 2 N 2 , may be prepared by heating mercuric cyanide— 

Hg(CN) 2 = Hg + C 2 N 2 f 

and also by the action of potassium cyanide solution on copper sulphate 
solution, the cyanogen being liberated by the decomposition of the inter¬ 
mediate, unstable, cupric cyanide— 

CuS0 4 + 2KCN = Cu(CN) 2 + K 2 S0 4 

2Cu(CN) 2 = Cu 2 (CN) 2 i + C 2 N 2 

It is a colourless, poisonous gas, has a faint characteristic odour and 
burns in air with a peach-blossom coloured flame— 

C 2 N 2 + 20 2 = 2C0 2 + N 2 

It is somewhat soluble in water, with which it reacts at 0°C to form 
hydrocyanic and cyanic acids (HCN and HCNO)— 

C 2 N 2 + HoO = HCN + HCNO 

The aqueous solution on standing deposits a brown flocculent substance, 
known as azulmic acid. Other compounds, such as ammonium oxalate, 
urea and carbon dioxide, are formed at the same time. Cyanogen is 
absorbed by a solution of potassium hydroxide to form potassium cyanide, 
KCN, and potassium cyanate, KCNO— 

2KOH + C 2 N 2 = KCN + KCNO + H 2 0 
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Cyanogen also combines directly with the alkali metals on heating to 
form the corresponding cyanides (e.g. NaCN). These reactions of cyanogen 
with alkali hydroxides, alkali metals, and with cold water show that 
cyanogen is analagous in many of its properties to the halogens, and this 
resemblance is further emphasized by instability of cupric cyanide and of 
cupric iodide which decompose to form the cuprous compound and liberate 
cyanogen and iodine respectively. 

The formula C 2 N 2 follows from its molecular weight of 52, as determined 
from the vapour density. The molecular structure is probably 

N =C—C = N 


Hydrocyanic Acid, or Prussic Acid, HCN. This very weak acid may be 

prepared in solution by the action of almost any acid on potassium (or 
other metallic) cyanide— 


KCN + H 2 S0 4 = KHS0 4 + HCN 

The gas, hydrogen cyanide, is made by distilling the cyanide with 50 per 
cent sulphuric acid, and after drying by passing through a U-tube contain- 

mg anhydrous calcium chloride, is condensed to a colourless liquid in a 
U-tube immersed in ice. It boils at 26-5°C. 

Hydrogen cyanide is very soluble in water to form hydrocyanic acid 
(cf hydrogen chloride which dissolves in water to form hydrochloric 
acid) has a characteristic odour of bitter almonds, burns in air with a 
purple flame and is one of the most deadly poisons known (potassium 
cyanide is even more poisonous due to the more potent action of the 
cyanide ion). Hydrocyanic acid is only a very weak acid and its salts 
the cyanides, are therefore appreciably hydrolyzed by water_ 

KCN + H 2 0 = KOH + HCN 


Hydrocyanic acid is used (under expert supervision) in destroying pests 
for example in fumigating flour mills, ships and infested building! P The 
most important cyanides are those of sodium and potassium 2 due to 

smell Lr S 'hfi nd V h K actlon 1 of the carbon dioxide of the atmosphere they both 
smell slightly of bitter almonds. So deadly are these cyanides tha^death 

- SUlt T r P ' y from al,owin S the solution to come y into contact whi 

cuts etc. The best antidote is freshly prepared ferrous hydroxide ( D re 
pared by adding a solution of sodium bicarbonate to on^of 

atdy fatal 8 qU ' te Sma “ d ° $eS taken inte ™ally are almost immedi- 

Test for Cyanides. The usual method for detecting a evanide ffor 
example in the sodium-fusion test for nitrogen in an orlanic comnnnnH 

,S f ° rmed ’ and thls 15 detecte d by the formation of Prussianb7u e o n 
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adding two or three drops of ferric chloride solution and acidifying with 
hydrochloric acid. 

6 NaCN + FeS0 4 = Na 4 [Fe(CN) 6 ] + Na 2 S0 4 
3Na 4 [Fe(CN) 6 ] + 4FeCl 3 = Fe 4 [Fe(CN) 6 ] 3 ± + 12NaCl 

Another method is to evaporate the solution to dryness on a water-bath 
with yellow ammonium sulphide, when a thiocyanate (e.g. KCNS) is 
formed. The residue is dissolved in water and added to a solution of 
ferric chloride to form the blood red coloration of ferric thiocyanate, 
Fe(CNS) 3 . 

Cyanates. Sodium and potassium cyanides are powerful reducing 
agents when fused. For example, they reduce many metallic oxides to the 
metal and at the same time are themselves oxidized to the corresponding 
cyanates— 

KCN + PbO = KCNO + Pb 

The cyanate may then be extracted by water. When the solution is acidified, 
cyanic acid (HCNO) is first formed, but this quickly reacts with the water 
to form ammonia and carbon dioxide— 

HCNO + H 2 0 = NH 3 + C0 2 

Ammonium cyanate, which played such an important part in breaking 
down the “vitalistic” theory of organic chemistry (see p. 851) is obtained 
on mixing concentrated solutions of ammonium chloride and potassium 
cyanate. When heated it undergoes an internal change (isomerizes) to 
form urea, (CO(NH 2 ) 2 — 



NH 4 CNO — o=c 

\nh 2 

urea 

FUELS AND COMBUSTION 

Coal is the ultimate product of the combined effects of bacterial decay, 
moisture, pressure and temperature on vegetable matter (trees, leaves, 
etc.) which have accumulated throughout the ages. The vegetable matter 
slowly loses its cellulose portion and is transformed, first into peat and 
then into lignites, bituminous coals, and anthracitic coals, in this order. 
The complete conversion of vegetable matter into the final product, 
anthracite, may be represented by the following series— 

WOOD —>PE AT —>-BROWN LIGNITER-BLACK LIGNITE->LIGNITOUS COAL 


i 

BITUMINOUS COAL->STEAM COAL ANTHRACITE 
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There is no sharp line of demarcation between these various coals, but 
rather a progressive change in the direction of increasing hardness and 
carbon content and decreasing oxygen content. 

Lignite (or Brown Coal) is intermediate between peat and the bituminous 
coals. It usually contains over 45 per cent of volatile matter together with 
much moisture, and tends to disintegrate on exposure to air. Compared 
with other coals, it has a relatively low calorific value. 

Lignitous Coal contains 40-50 per cent volatile matter and burns with 
a relatively long luminous flame. 

Bituminous Coals are the commonest varieties. In general, they are 
hard and brittle and when heated produce large quantities of gas. They 



Fig. 184. Approximate Relationship between Types of Coal 

and their Oxygen and Carbon Content 


have a typical banded appearance and consist of very bright layers 
(vitram) laminated layers (c/arain), dull hard layers (dura,n) and soft 
charcoal-like layers (/warn). Vitrain has a brilliant glassy lustre and breaks 
with a conchoidal fracture. Clarain consists mainly of minute fragments 
of vitrain mixed with plant debris, and has a streaky or silky appearance 
due to the alternation of bright, less bright, and even dull minute bands. 

• U n“ 3 d . U ’ hard C ° a and may OCCUr in seams U P to a foot or more 

n thickness to constitute the “Hards” (e.g. Barnsley Hards). Fusain is 

sometimes referred to as a mineral charcoal. It is only a minor constituent 
of most coals, and is very porous and soft 

Cannel Coal occurs in large lenticular masses in many coal seams and 
appears to be related in structure to the durains. It has a greasy lustre 

. o° me s P ecimens ignite very easily and bum like a candle with a luminous 
ame, a property which accounts for its former extensive use in gas-making 
Anthracite is the hardest of the coals. It contains less than 9 per cent 
of volatile matter (the semi-anthracites contain from 9 to 15 per cent 
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volatile matter) and occurs as a dense, black, brittle substance, which 
ignites with difficulty and has a very high calorific power. 

Carbonization of Coal 

When a bituminous coal is gradually heated (in the absence of air) it 
begins to decompose between 290° and 350°C to produce various gases 
such as carbon dioxide and hydrocarbons, and some liquid products’ 
such as unsaturated and saturated hydrocarbons and phenols etc With 

Zv e " S 7 on"r t u m i’ eratUre ’ th ? e r° IUtl0n ° f hydrocarbons decreases, and 
above 700 C hydrogen is evolved in considerable quantities. This hydrogen 

results mainly from the cracking (or thermal decomposition) of hydro¬ 
carbons which break up into simpler hydrocarbons (saturated^ and 
unsaturated), hydrogen and carbon. For example— 

QjH 8 -> C 2 H 4 -f ch 4 

CH 4 -» C + 2H 2 

The carbon is graphitic in character and is deposited on the walls of 
the retorts as the very hard gas-carbon, and also in the pores of the coke 

* ° S lve the latter a g fe y appearance. Coke carbonized at lower 

S^r"' W,lh ,hiS eraphi “ *"« » 

Thls V no nCheS t H h,ckafter f s ^ veral hours ma Y not be much more than °00°C 

This pooi conduction of heat is aggravated by the various rh in^c u- u 
the coal undergoes in its conversion to coke. In the initial stapes if hern ^ 
plastic, and then more and more viscous until if PV pnt ^ n ecomes 

the rigid coke. A zone of plastic coal thus gradually moves awly f^mThe 
surface towards the centre of the coal mass and this plash™. , 
as a heat barrier and retards the supply of heat to the centre Ac , 

even with an external carbonization temperature of abom nS' 

h T[ at r,° f C ° k,ng may ° nly be about 0 8 Per hour C * 

53EP as. larsrs.-sSS 

be high (> 1000°C) or low (c 600°C) Fven t . m P erature > whether this 
carried out in retorts at 1000°C nr hioh ^hen the carbonization is 

much lower temperature which obtain, i„ the ,"het 
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general, however, it may be said that increase in temperature of carboniza¬ 
tion increases the volume of gas and decreases the proportion of coke and 
tar products. The higher the temperature, the greater the proportion of 
hydrogen in the coal gas; the lower the temperature, the greater the pro¬ 
portion of hydrocarbons in the coal gas. Thus carbonization at low 
temperatures produces a luminous gas, whilst carbonization at high 
temperatures produces a relatively non-luminous gas. 

Table 91 


Typical Variation of Yield with Temperature 


Carbonization 
Temp. °C 

500 

600 

700 

800 

900 

950 

Coke (per cent) 

85-3 

75-4 

70-1 

67-7 

66-4 

68-6 

Tar (per cent) . 

4-5 

7-7 

7-7 

7-7 

7-7 

5*0 

Gas (per cent) . 

3-4 

7-7 

10-5 

12-2 

13-4 

19-4 


Manufacture of Coal Gas. Coal gas was first introduced as an illuminant 
by Murdoch in 1792, and was first used for public lighting in 1802. The 
use of iron retorts in the early days of the industry meant that carboniza¬ 
tion could not be carried out at a temperature much higher than about 
700°C. This resulted in a readily combustible (non-graphitic) coke and a 
relatively low yield of coal gas with a high illuminating power (due to its 
high hydrocarbon content). The invention of the Bunsen burner in 1855, 
and the later development by Welsbach of the incandescent gas-mantle 

Table 92 


Typical Analysis of Coal Gas as a 
Function of Carbonization Temperature 

{after Gyngell) 


Carbonization 
Temp. °C 

CO 

c 2 h 6 

ch 4 

Coal 

h 2 

Total Ga 

ml/g 

ml/g of coal 

600 

i 7 

19 

35 

25 

86 

700 

10 

17 

42 

40 ; 

109 

800 

25 

12 

58 

105 i 

200 

900 

36 

17 

48 

150 

251 

1000 

46 

11 

52 

170 

279 
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containing certain metallic oxides (Ce0 2 and Th0 2 ) which become highly 

incandescent on heating, reduced the need for a gas of high illuminating 

power. The iron retorts were provided with silica linings or were replaced 

entirely by refractory retorts, and the temperature of carbonization 

increased, so that nowadays temperatures of more than 1000°C are usual. 

The products of the carbonization of coal fall naturally into four 
groups— J 

Coal gas 

Ammoniacal liquor 
Coal tar 

Coke (and gas carbon) 

Coal gas is composed principally of hydrogen, methane (CH 4 ), and 

carbon monoxide, and after purification may have the following approxi¬ 
mate composition— rr 

Table 93 



Percentage Composition by 
Volume of Coal Gas 


Gas 

Percentage 

Hydrogen . . . • 

56 

Methane 

23 

Other hydrocarbons . 

3 

Carbon monoxide 

.1 10 

Carbon dioxide . 

. 2 

Nitrogen . 

. 5 

Oxygen . 

1 


Ammoniacal Liquor. This contains ammonia, ammonium carbonate 
ammonium chloride, ammonium sulphide, phenol, pyridines and small 
quantities of certain other organic compounds 

Coal Tar is particularly valuable, and is the source of various hvdro 
carbons, such as benzene (“benzole”), toluene, naphthalene from which 

drugTetc ' 3 ‘ ° f substances > such a s the coal-tar dyes, plastics, 

retoNs h arb ° ni , 2Cd 31 ab ° Ut ' 000 C in either horizontal or vertical 

retorts heated by producer gas. In the horizontal type, some 12-14 cwt of 

coal in a ayer 12 in. thick are carbonized at rest inabout 8 to 12 hours 

about n r to C ns nf PC ’ t | here 1S , ’ he intermittent process in which the charge of 
about 2 2 tons of coal is carbonized at rest in about 12 hours and also the 

continuous process in which the coal is fed in, more or less continual 
at the top and the resulting coke continuously withdrawn at the bottom 
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of the retort. Depending upon the size of the retort and the type of coal 
used, the latter process may carbonize from 3 to 12 tons of coal a day. 

Horizontal Retort Process. This is the oldest, but still one of the most 
important, of the present-day processes. Each retort consists of an elon¬ 
gated shallow chamber of fire-clay or silica (20 ft long by 16 in. wide 
by 13 in. high approx.) bee-hive shaped ( ■' in vertical cross-section, 
and fitted at each end with cast-iron doors and ascension pipes for con- 



Fig. 186. Intermittent Vertical 

Retort 


veying the volatile products, through 
a water-seal, to the hydraulic main. 
A number of such horizontal retorts 
are arranged in tiers and heated 
externally by the combustion of pro¬ 
ducer gas, generated in a furnace 
immediately below the retorts. These 
furnaces are fed with hot coke 
pushed direct from the retorts. When 
carbonization is complete (8-12 hr), 
the retorts are opened and horizontal 
rams used to push out the red hot 
coke which is then quenched by 
water. 

Intermittent Vertical Retort Pro¬ 
cess. This is the most modern process 
and uses an elongated rectangular 
oven of mean dimensions 16 ft high 
by 9i ft long by 11 in. wide broaden¬ 
ing towards the base. A number of 
such units are grouped vertically to¬ 
gether and, as in the horizontal pro¬ 
cess, these are heated externally by 
the combustion of a mixture of pro¬ 


ducer gas and air in flues arranged vertically between the units. Coal is 
charged in from the top, and at the end of the carbonization period the 
coke is discharged directly, via hoppers, to trucks, etc. Steam is usually 
admitted at the base of the retort for the last two hours of the carboniza¬ 


tion period, and serves both to quench the coke and to increase the gas 
yield by the water-gas reaction. 

Continuous Vertical Retort Process. This process uses a number of 
retorts which are either rectangular or oval in horizontal cross-section and 
about 25 ft in height. The coal is fed in through hoppers at the top, and 
the retorts heated by producer gas burning in horizontal or vertical flues. 
Steam is blown continuously into the base of each retort, and, as above, 
serves to quench the issuing coke and also to increase the gas yield. 

The coal gas and other volatile products (tar, water, etc.) pass from 
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the retorts via a water seal to the hydraulic main, and from there to the 
condensers, which consist of a long continuous series of iron pipes through 
which the gas must pass. Some of the less volatile materia s condense 
in the hydraulic main, but the bulk of these compounds condense in these 
iron pipes. The condensate from the hydraulic main and from the con¬ 
densers is run off to the tar-well, where it separates into an upper aqueous 


Waste 
Heating Gas 


Retorts 



Fig. 187. Continuous Vertical Retort 


b^rs,s"" 6 ;; he ca,orisc v "“ ° r •'» »*' «»• ■=~iis 
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Purification. The coal gas is passed through beds of hydrated iron oxide 
(bog iron-ore) where the sulphuretted hydrogen is absorbed in the forma¬ 
tion of ferric sulphide by the following possible reaction— 

Fe 2 0 3 -f- 3H 2 S = Fe 2 S 3 + 3H 2 0 

By the regulated introduction of about 2 per cent of air into the gas at 
this stage, together with a trace of ammonia, and with temperature control, 
this sulphide is continuously reoxidized to iron oxide and free sulphur. 
The oxide begins to lose its efficiency when it contains about 55 per cent 
of free sulphur, and is then used to manufacture sulphuric acid (usually, 



Tar- Well 

Fig. 188. Manufacture of Coal Gas 


by the lead-chamber process). This acid is then used to convert the 
ammonia present in the ammoniacal liquor into ammonium sulphate (or 

“sulphate of ammonia”). , , 

Carbon disulphide is removed by passing the coal gas over a nickel 

catalyst at about 450°C, when the following reaction occurs— 

CS 2 + 2H 2 = 2H 2 S + C 

The sulphuretted hydrogen is then removed as above by hydrated feme 
oxide The carbon deposit, which interferes with the activity 0 
nickel, is periodically Approximately once a month) burnt to carbon 
dioxide by drawing air through the heated catalyst chamber. 

The coal gas is then stripped of benzole and naphthalene before 

and^ into ."gas-holder,, “ of 

bv oil scrubbing, or by activated charcoal. In the first of these processe , 

the benzole is dissolved in creosote oils or petroieum oils jjj **£6 th e 
about 70 ft high, which ensure intimate contact between t g 
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oils. The benzoles (toluene, etc.) are then recovered by distillation, and 
the oils returned to the top of the towers. In the activated charcoal 
process, the benzole is adsorbed on charcoal. The latter takes up about 
30 per cent of its weight of benzole, which is subsequently recovered by 
treatment with steam, and the charcoal used again. 

Manufacture of Coke. Apart from the coke obtained as a by-product 
in the manufacture of coal gas, considerable quantities of coke with special 
properties are required for many metallurgical operations (for example, 
in the manufacture of pig-iron in the blast-furnace). These cokes are 
usually produced in coke-ovens under conditions which vary with the 
type of coal used and the particular demands of the industry in which 
the coke is to be used. In these processes, coal gas, coal tar, etc., are 
regarded as by-products. 

Charge 



Bee-hive Ovens. The earliest metallurgical cokes were produced in the 
now obsolescent bee-hive oven, shown in the accompanying diagram 
Coal was charged into the hot oven through a hole in the roof and formed 

1 1 • • • was burnt inside the 

chamber by air admitted through the partially bricked up door and 

provided the heat for the carbonization of the coal. When carbonization 

was complete, the coke was quenched with water and raked out, leaving 

the furnace hot enough to start the carbonization of the next charge 

Modern Coke-ovens. These differ from the bee-hive ovens in being 

heated externally either by a portion of the coal gas produced during the 

carbonization of the coal or by blast-furnace gas or by producer gas S The 

ovens, which are constructed of silica brick and consist of narrow rectam 

gular chambers each 40 ft long, 12-14 ft deep, and 14-18 in wide are 

Each e ch S ' d h by - Slde W a th , Ven ' CaI flueS between them to form a battery 
hole h s at The l 15 pro Y lded WItb the usual gas off-takes, with four charging 
Af er h P , and '?' th factory lined cast-steel doors at each end" 
After carbonization, the coke is discharged horizontally by a massive 

m. In effect, the ram pushes a more or less solid wall of coke from the 
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chamber into a large quencher car and thence to a central quenching 
station. Modem ovens hold about 14 tons of coal which is carbonized in 
about 8 hours at a flue temperature of approximately 1300°C. 

Usually a strong swelling coal is used, and as these are not free to 
expand during the plastic stage (see p. 585) a strong dense coke results. Also, 
since the carbonization occurs at very high temperatures, considerable 
cracking of the various hydrocarbons occurs with deposition of carbon in 
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Fig. 190. Modern By-product Coke Oven 


the form of graphite in the pores of the coke, so that in addition to being 
relatively hard the coke is also of the non-reactive type. Of the 13 000 000 
tons of coke produced in this way in coke-ovens each year, 90 per cent is 
consumed in blast furnaces in the manufacture of pig-iron, and most ot 

the remainder in converting this pig-iron into steels. 

Low Temperature Carbonization. A development of recent years is me 
process whereby coal is carbonized at low temperatures (600 C) to 
produce a smokeless fuel. The chief difficulty is to ensure sufficiently 
rapid carbonization of the coal without over-carbonizing the outer layers 
as in the usual coke-oven and coal gas practice. This difficulty is su - 
mounted, for example, in the Parker process (as used by Low Temperature 
Carbonization Ltd.), by carbonization in thin layers bv external heat g, 

but other methods are also used. 
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In the Parker process, the coal is carbonized in long, small-bore, 
vertical retorts, tapering from 4i in. at the top to 5b in. at the base. Twelve 
such retorts are formed as tubular holes in a cast-iron block, 9 ft high and 
4 ft across the base. Each block is fitted with a common gas ofif-take and 
coal-charging hopper. A battery consisting of 36 such multi-tubular 
retorts is heated externally by producer gas, by radiation rather than by 
direct flame. Each tube holds about 50 lb of coal and acts as an inter¬ 
mittent vertical retort, the carbonization period lasting for about four 
hours. 

The average yield of the various products obtained by this process, per 
ton of coal carbonized, is— 


Smokeless fuel 
Crude coal oil (tar) . 
Crude petrol . 

Gas 

Ammonium sulphate 
Aqueous liquor 


14 cwt 
18 gal 

3 gal 

4000-5000 ft 3 

4 1b 
20 gal 


Compared with the high temperature carbonization processes, low tem¬ 
perature carbonization results in the production of— 

(a) A smokeless, easily ignitible, solid fuel, which is sold for industrial 
and increasingly for domestic use under the name “Coalite.” 

(b) Petrols (i.e. aliphatic hydrocarbons) as well as some of the benzoles 
(aromatic hydrocarbons) of the high temperature process. 

o ln ,creaped yields of tar (18-20 gal per ton of coal as compared with 

9-10 gal). These tars are rich in phenols. 

Hydrogenation ol Coal. The hydrogenation of coal to produce petrol is 
a comparatively recent process. It is successfully carried out on a large 
scale in this country by Imperial Chemical Industries at their Billingham 
p ant. The cleaned coal is first ground and mixed with heavy oil (recovered 
10 m a ater stage in the process) to form a paste containing 50 per cent 
coal and 50 per cent oil. This paste is then pumped continuously, together 
with hydrogen at about 250 atmospheres pressure, through heat exchangers 
and preheaters to the reaction vessel which is maintained at 450 c C The 

=i^tiT nt n a V ata,ySt an ° r S aniC COm P°“ nd of tin and 

hrouph it p W t h / Ch ,S ke Pt st,rred b Y th e passage of hydrogen gas 
hrough it. From the reaction vessel, the issuing gases pass via The 

hnnirl^’ t ° lhe . condensers vvh ere the liquid fraction is condensed The 
liquid fraction is collected and separated by distillation to produce a 

petiol fraction, a middle oil fraction and a heavy oil fraction The latter 

hydrogenated funhef^ 1 " 8 ‘h" initial COal ' oil P a * te ’ and the remai "der is 
nyarogenaled further to produce more petrol. The middle-oil fraction is 

° hydrogenated again, and this is effected by valorizing the ^and 

passing the vapour and otl through the catalyst climber Thelncondensed 
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gases from all these processes are further scrubbed and are then passed to 
the hydrogen plant as a source of more hydrogen. 

In addition to coal, considerable quantities of low-temperature tar and 
creosote oils are also hydrogenated in this way at the Billingham plant. 
Working at capacity, the plant was designed to produce some 150 000 
tons (45 million gallons) of petrol per annum, made up of 100 000 tons 
from coal, 40 000 tons from creosote and 10 000 tons from low-temperature 
tar. For every ton of coal converted completely into petrol, about three 
tons of coal are required for such purposes as manufacturing and com- 
. pressing the hydrogen and supplying power to the plant. 

Gaseous Fuels 

Coal Gas. An analysis of coal gas has already been given on p. 586. 

Producer Gas is essentially a mixture of nitrogen and carbon monoxide 
obtained by blowing air through a bed of carbon at 1000°-1200°C. 
Presumably the oxygen of the air is first converted into carbon dioxide 
which is then reduced to carbon monoxide as it passes upwards through 
the hot coke— 

C + 0 2 = COg + 94 450 cal. 

C0 2 + C = 2CO - 41 200 cal. 

The proportion of carbon monoxide and carbon dioxide in the issuing 
gas is however determined by the temperature of the coke. The second 
reaction is very strongly endothermic so that increase in temperature, 
by Le Chatelier’s principle, leads to an increase in the equilibrum con¬ 
centration of the carbon monoxide, as indicated by the following figures 


Temperature °C 

Percentage of CO 

Percentage of CO a 

450 

2-0 

98-0 

750 

76-0 

24-0 

1050 

99*6 

0-4 


Even when the main part of the producer is working at 1000 C, how¬ 
ever, there is a small tendency for some carbon monoxide produced in 
the hotter zones to revert to carbon dioxide in the cooler upper zone, so 
that producer gas usually contains a small proportion of carbon dioxide. 
With this reservation, producer gas may be said to consist of about 34 pe 
cent of carbon monoxide and 64 per cent of nitrogen by volume. 

Since producer gas is nearly two-thirds nitrogen it is not economi 
to manufacture it in one locality and then use it elsewhere. Instea > * 
normally made in situ, a practice which also enables the addition 



FUELS AND COMBUSTION 


595 


which the gas possesses, by virtue of its high temperature as it leaves the 
producer, to be utilized straight away. 

Semi-water Gas. The overall reaction involved in making producer gas 
is highly exothermic, so that the temperature of the coke rises and this 
increase in temperature sometimes leads to difficulties due to clinker or 
slag formation. In the production of water gas, on the other hand (see 
below), the reactions involved are strongly endothermic and the coke is 
rapidly cooled below the operating temperature. By admitting steam and 
air simultaneously into the hot producer, the heat evolved by the producer 
gas reactions can be balanced by the heat absorbed by the water gas 
reaction, and the temperature of the coke bed can also be adjusted by 



Fig. 191. Semi-water Gas Producer 


varying the proportion of steam to air. The resulting mixture of carbon 
w OX ' de ; hydrogen and nitrogen is known as semi-water gas. 

Mond Gas is a type of semi-water gas obtained by using an air blast 

250°C befo been S f alUrate , d with steam at 80 °C and then preheated to about 
250 C before entering the producer. 

Water Gas. Water gas is a mixture of approximately equal volumes of 
hydrogen and carbon monoxide, and is obtained by the acdon of^team 

on ca rbon at high temperatures. The reaction occurring at temper^ 
tures above about 900°C is predominantly— 8 tem P era - 

C + H 2 0 = CO + H 2 - 29 000 cal. 

steam 

c + 2H 2 0 - C0 2 + 2H 2 - 19 000 cal. 

steam 
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The almost complete absence of carbon dioxide at high temperatures is 
most simply explained by the endothermic nature of the reaction— 

C0 2 + C = 2CO - 41 200 cal. 

although the hydrogen probably plays some part in this reduction. 

The endothermic nature of these reactions results in a rapid cooling 
of the coke with increasing production of the non-combustible carbon 
dioxide until the reaction eventually ceases. 

The only practical way in which the coke-bed can be maintained at 
about 1000°C is to alternate the water-gas “run” with a producer gas 
“blow.” The coke is first raised to about 1200° to 1400°C by an air-blast 
(the blow), the air-blast is then shut off and the steam-blast turned on (the 
run). This latter run stage lasts only for a few minutes to be followed 
by a fresh blow, and so on. In some plants, two generators are blown in 
parallel and then run in series, a practice which is equivalent to using a 
shallow fuel bed for the blow and a deep bed for the run periods. The 
time of the blow period is thereby reduced and the time of the run period 
increased. Water gas is often known as blue water gas to distinguish it 

from carburetted water gas described below. 

Carburetted Water Gas. Water gas is often added to coal gas as a 
convenient and quick method for increasing the supply of available gas. 
Since, however, water gas has a lower calorific value than coal gas, it is 
desirable that it be enriched in some way so as to increase its calorific 
value. This is effected by utilizing the heat of the producer gas formed 
during the blow to crack various oils. The gas generated during the blow 
is allowed to burn in chequer brickwork chambers known as the carburettor 
and the superheater, thereby raising the temperature of these chambers 
to between 700° to 1000°C. During the succeeding run, a fine spray ot 
petroleum oils, or less frequently creosote oils, is injected into the carburet¬ 
tor where it vaporizes and mixes with the water gas. In the superheater, 
this oil is cracked by the high temperature to form various gaseous 
hydrocarbons (methane and some unsaturated hydrocarbons) ana 
hydrogen, which mix with the blue water gas to form carburetted water gas. 


Combustion and Flame 

Combustion in its widest sense implies chemical reaction between two 
substances, of which one at least is gaseous, with the liberation of he ^ 
Thus, we speak of the burning of various substances, such as coal paraffin 

or hydrogen in air, as combustion. Such reactions might be and indeed 

usually are, referred to as oxidations since one of the reacUng substonces 

is oxygen. Combustion may, however, occur with other f“® s . •_ 

oxygen. Thus magnesium will burn in steam and also in nitrogen, anti 

mony and phosphorus will burn in chlorine; and so on. 

All these reactions occur with liberation of heat, and it is this neat 
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liberation which determines whether combustion occurs or not The 
heat liberated must be sufficient to make the reaction self supporting once 
it has been started. Mercury will combine with oxygen on heating but 
we do not call this reaction combustion because the reaction ceases as 
soon as the external heat supply is cut off; the heat liberated is in¬ 
sufficient to maintain the temperature required for the reaction to occur 
by itself. 

Combustion may or may not occur with emission of light. The slow 
combustion w hich occurs in the very slow process of decay of animal and 
v ^ etable matter, the slightly quicker combustion which makes all forms 
ot life possible, and the rusting of metals are all forms of oxidation which 
occur with evolution of heat with no emission of light. Rapid combustions 
such as occur when benzene is burnt in air, or more violent combustions’ 
such as occur in many gaseous explosions, are accompanied by the rapid 
evolulion of h e a t and emission of light. The final products and the total 
amount °f heat liberated may be the same in two extreme cases, but the 

sfow In th h p 1C r h n ^ 1S llberated Wl11 var y from almost infinitesimally 

i W ". h , CaSe f de 5 ay * l ° extreme 'y ra P id ^ the case of the explosion 
d it this rate of heat evolution which determines whetheror not 
emission of light occurs. 

Flame is only produced by the combustion of a gas or vapour; it implies 
that reaction is occurring in the gaseous phase with sufficient evolution of 
heat energy for some to be transformed directly into light energy or to be 
absorbed by any minute solid particles present so that these become 
incandescent When a solid burns with evolution of flame it indicates 
either that the heat liberated is sufficient to convert some of the solid 
into vapour (which then produces the flame) or else that the r 

the solid produces an intermediate inflammable gas Jwhich^iuTurn 

burns to produce flame). Volatile solids such rJw i , turn 

stearic acid, etc., burn with flame because the reacting nr^ pho /* us ’ su, P hur > 
vapour and air. Metals like magnSTand'^ aToTu™ w^flaml 

InSr^ of the m^and 

of some of the heat as light energy, and partWfmmmiT emission 

of the minute solid particles (Mf?o’ ZnOi nmH a a temperature 

to incandescence. Silicon and ^a ^ Comb “ sti °n 

vaporized; ,he oZ "beS n °' 

oxygen. The heat liberated is sufficient howeve^ tn .1 1 d lr ° n and 
of the silicon and iron so that thrv • t ,° raise tbe temperature 

srssja', s b z 
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to the formation of carbon monoxide gas as an intermediate volatile 
inflammable product. 


SILICON 


Occurrence. Silicon is second only to oxygen in its abundance in nature, 
but it does not occur in the free state. It occurs principally as its oxide, 
silica, and also in many oxy-compounds based on this oxide, such as the 
silicates which form the major constituent of the earth’s crust. The 
naturally occurring forms of silica, Si0 2 , include quartz, sand, flint, agate 
and kieselguhr. Examples of the large number of silicates found in nature 
include the felspars, clays, micas, zeolites, amphiboles and pyroxenes, 
the structures of which are discussed later in this chapter. 

Preparation of Silicon. Silicon, like boron, has a high affinity for 
oxygen so that powerful methods are necessary to obtain the element from 

its compounds. The chief methods are as follows 

(a) Reaction with elements which have a higher affinity for oxygen. 
Silicon may be prepared by heating a mixture of silica and magnesium 



SiO + 2Mg = Si + 2MgO 


The magnesium oxide (and magnesium silicide which forms at the same 
time) is then separated by treatment with dilute hydrochloric acid, to leave 

the silicon as a dark-brown amorphous powder. 

(b) From halogen compounds of silicon. Silicon is also obtained when 
metallic sodium or potassium is heated in an atmosphere of silicon 
tetrafluoride (or tetrachloride), or when a mixture of potassium fluosilicate 

and potassium is strongly heated— 

SiF 4 + 4Na = Si + 4NaF 
K 2 SiF 6 + 4K = Si + 6KF 

(c) Commercially , silicon is prepared at Niagara Falls and elsewhere by 
heating crushed coke with excess of sand in an electric furnace. excess 
of sand is not used, the principal product is carboundum, that is, silicon 

carbide. 

SiOo -f 2C = Si + ICO t 


The reaction occurs more or less completely from left to right because 
the oxygen is removed as the gas, carbon monoxide, but even so, ve y 


high temperatures are necessary. . 

\d) A crystalline form of silicon is made by preparing silicon mffiepres 

ence of excess of aluminium or zinc. The resulting solution of sfoon n 

these molten metals deposits needle-shaped crystals of si 1 f °° °° , , ‘ 

The aluminium or zinc is then removed by treatment wi * u y 


chloric acid. 

Properties of Silicon. 


As normally prepared, silicon is a dark-brown 
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amorphous powder, with a density of about 2-35. It melts at about 

1500 C and may be vaporized at the temperature of an electric arc. Crystal- 

ine silica is a dark-grey substance with a metallic lustre, and is hard 

enough to scratch glass. Its density is variable, depending on how it is 

prepared, but approximates to 2*5, and it differs from amorphous silicon 

in its ability to conduct electricity. It is also slightly less reactive 
chemically. 

Silicon oxidizes superficially when heated in air, but will burn when 
heated in chlorine, and ignites spontaneously in fluorine (a property 
shared also by its compounds, such as the silicates). The element is 
insoluble in water and in acids, with the exception of hydrofluoric acid 
which dissolves it to form hydrofluosilicic acid, H,SiF 6 — 


Si -f 6HF = H 2 SiF 6 + 2H, f 

Silicon will also dissolve in boiling aqueous alkalis to form a solution 
of the alkali silicate and liberate hydrogen— 


Si + 2NaOH + H 2 0 = Na 2 SiG 3 + 2H 2 t 

Silicon will react with many metals to form silicides (for example 

ferro-sihcon, FeSi, and magnesium silicide, Mg 2 Si), and its carbide 
SiC is familiar under the name “Carborundum.” 

Uses of Silicon. The element has very little use by itself, but it forms 
an important constituent of many alloys, to which it imparts hardness 
(e.g. silicon-bronze) and resistance to acids (e.g. a silicon-iron alloy). Its 
compounds, such as silica and carborundum, are however by far the more 


Compounds of Silicon 

nature ° r . 0 Sili , Con Dioxide - SiO., occurs in many different forms in 
nature. Quartz, or rock-crystal, occurs in large transparent six-sided 

prisms with pyramidal ends. When coloured by manganese and iron 

anM P °o "the 'nrl a ' m,h y st : s »>oky quartz probably owes its appear- 

amorphous forms of silica coloured brown or red by ferric oxide'whilst 

fo?m a nf d T nt are Sllghtly hydrated forms of silica . y Kieselguhr another 
fo m of silica, is composed of the shells of marine organisms known as 

sugaTsoluhom Str .“ cture j™ kes il useful as a filter 8 bed for clarifying 

solutions and oils, and also to absorb liquids as for examnle 

grated maartz 1 m “ ufacture of dynamite. Sand is a partly disinte- 
grated quartz, more or less contaminated with ferric oxide * 

4e“„";s: n d t“„ c z” al “ ne f °™’ whkh ™ *“ w ' «■« temperature 


quartz 
20—(T.447) 


>870° 


tridymitc ^ 1470 'crisiobalitc _> 17 10°C (m.p.) 
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Each form also exists in a high temperature and low temperature modifica¬ 
tion (termed a and respectively), with a transition temperature of 
573°C for the a-/? quartz transition. 

Properties of Silica. Silica is the only oxide capable of forming an 
insoluble glass by itself. A transparent form of quartz glass is prepared in 
relatively small quantities by melting quartz in the oxy-hydrogen flame. 
Non-transparent silica glass is manufactured in comparatively much 
larger quantities in tubes up to 4 in. or more in diameter by fusing 
white sand around an electrically heated central rod at a temperature of 
1800° to 2000 3 C, and then drawing out the still plastic silica tube to form 
tubes of smaller diameter. The presence of numerous very small air 
bubbles in the resulting silica accounts for its characteristic lustrous 
appearance. 

The importance of silica-ware and of quartz glass is due mainly to 
the extremely small coefficient of thermal expansion of silica, and to a 
smaller extent to its good acid-resisting qualities. The former property 
accounts, for example, for its ability not to crack when plunged red-hot 
into cold water. With ordinary glass similarly treated, the strain set up 
by the rapid contraction of the outer surfaces causes it to break up into 
small pieces. Silica-ware should not however be subjected to tempera¬ 
tures greater than 1000°C for any considerable length of time, since the 
polymorphic change to the crystalline tridymite form which occurs slowly 

at this temperature will introduce weaknesses. 

Naturally occurring quartz finds many uses in optical apparatus as 
lens and prisms, owing to its property of transmitting all light (ultra¬ 
violet, visible and infra-red) with minimum of absorption. 

Chemically, silica is very stable and relatively inert, as indicated by 

its high heat of formation— 

Si + 0 2 = Si0 2 + 191 000 cal. 

It is insoluble in water, and is not attacked by acids, with the exception 
of hydrofluoric acid— 

Si0 2 + 4HF = SiF 4 f + 2H 2 0 


but dissolves in alkalis on boiling to form silicates 

2NaOH + Si0 2 = Na 2 Si0 3 + H 2 0 

It is thus an acidic oxide like carbon dioxide, and like this oxide; its 
corresponding acid, silicic acid, is extremely weak. It differs however 
from carbon dioxide in many other respects, particularly those wh 

concern its physical properties. ^ rr ^nnndinp 

Silicic Acid. Numerous silicates are known, but the corre p g 

acids have only a hypothetical existence and cx)ns!st of mor l ^ 

indefinite hydrates of silica. When a solution of a solub e si , 
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“water glass” (sodium silicate) is acidified with hydrochloric acid a 
gelatinous form of silicic acid is obtained— 

Na 2 Si0 3 + 2HC1 = 2NaCl + H 2 Si0 3 

If, however the silicate solution is poured into excess of hydrochloric 
acid, the silicic acid remains in colloidal solution. The sodium chloride 
“51 CX “ SS of L h y dr °chloric acid may then be removed by dialysis (see p 
338). When the gelatinous silicic acid is dried, it gradually loses water to 
form ultimately silica. Orthosilicic acid, H 4 Si0 4 —(Si0 2 .2H a O)—and 
metasilicic acid, H 2 Si0 3 —(Si0 2 . H 2 0)—are thought to occur intermediately 
during this process. Incompletely dehydrated silicic acid is known as 
silica-gel, and may contain from 5-7 per cent of water. It is used as an 
absorbent material for recovering valuable vapours (such as carbon 
disulphide, acetone, and other volatile organic solvents) from the gas 
effluent in certain industrial processes. The solvent is subsequently re¬ 
covered by heating the gel, and the latter is then ready for re-use Silica-gel 

U , S£d ln many air-drymg plants in commercial practice. The spent 
ilica-gel is periodically reactivated by heating (to drive off the moisture) 
and so may be used over and over again. ' 

The Silicates. The determination of the structure of the many mineral 

vield to r ° ne ° f ' hC , firSt ma J° r P roblems « inorganic chemhtry to 
y eld to the new methods of X-ray crystal structure analysis The older 

ideas regarded the silicates as salts of various complex silicic acids, such 


HO x ,OH 

>< 

HO 7 OH 

(orthosilicic) 


HO 


Si = O 


HO 

(metasilicic) 


yOH 

HO—Si—O—Si—OH 

HO^ \ oh 

(orthodisilicic acids) 


and so on. 

W. L. Bragg was able to show that the silicates are based on a silicon 



Fig. 192. SiO," 
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These tetrahedra are linked to other such tetrahedra through the oxygen 
atoms, so that the latter form a part of the two adjacent tetrahedra 



and this linking up process at the corners of the tetrahedra may be extended 
to form complex linear, planar or even three dimensional silicon-oxygen 
skeletons. The negative charges possessed by these complex groupings 
are balanced by the presence in the interstices of the structure of certain 
metallic ions, the molecule as a whole then becoming electrically neutral. 

Before going on to discuss the various ways in which the silicon-oxygen 
tetrahedra may link up, it is pertinent to point out the essential difference 
between the complex compounds of carbon and of silicon. The almost 
unlimited number of carbon compounds which make up organic chemistry 
are due primarily to the ability of carbon atoms to link up with other carbon 
atoms, apparently without limit save that the valency requirements always 
be satisfied, without becoming unstable. That silicon does not possess this 
property to any significant extent is evident from the absence ot any 
extensive “organic” chemistry of this element, and by the fact that the 
relatively few silicon hydrides which have been isolated become increasingly 
less stable with increase in the Si—Si chain length. When however the 
silicon atoms are linked together through oxygen atoms as —Si U » 
this decrease in stability does not occur, and stable molecules based on an 
indefinitely large framework of silicon and oxygen atoms are form » 
as in silica, the silicates and the more recently discovered silicone plastics. 
T he Si—O—Si linkage thus plays a similar part in the chemist y 
silicon as the C—C linkage does in the organic chemistry of carbon. 

The structures of the silicates may now be discussed in terms oi 
various ways in which the silicon-oxygen tetrahedra may in up. 


o- 



Fig. 194. Si0 4 


(a) The simplest case is found in the ortho¬ 
silicates in which each (Si0 4 ) tetrahedron occurs 
as a separate entity. These tetrahedra are linkea 
together ionically through the metal ions, tor 

example— ^ 

—O- Mg ++ O'— 

/ \ 

Examples include Olivine , Mg 2 Si0 4 , Pfienacite, 
Be 2 Si0 4 , and Zircon , ZrSi0 4 . 
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( b ) When two (SiO^ 4- tetrahedra are linked together, the group 
(Si 2 0 7 ) 6 ~ is formed having a negative valency of six, the charge being 
determined by the number of unshared oxygen atoms. An example of this 
type of structure is found in Thorveitite, Sc 2 Si 2 0 7 . 



Fig. 195. Si 2 0 7 


(c) Ring Structures result when three or more (Si0 4 ) tetrahedra are 
linked together in this way, and these may be represented in terms of the 
planar convention of organic chemistry (see p. 852 et seq.) as— 



O O 



/ \ 

Si0 2 —O—Si0 2 


/ \ 


O z Si- 

• 

-O- 

-Si0 2 
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\/ 
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Fig. 196. Ring Silicate Structure 


It will be observed that in these ring structures, the silicon:oxygen 
ratio is 1:3, and that the silicon-oxygen part of the silicate molecule has 
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the composition (Si0 3 )„ 2n ~. Examples of such ring structure silicates 
include Benitoite , BaTiSi 3 0 9 , and Beryl , Be 3 Al 2 Si 6 0 18 . 

(d) When the closed rings of (Si0 4 ) tetrahedra, each sharing two 
corners with adjacent tetrahedra, contain an infinite number of such 
groups, the structure degenerates into extended straight chains of the 
type: —O—Si0 2 —O—Si0 2 —O—Si0 2 — .... This type of structure 
is found in the Pyroxene minerals, of which Diopside , {CaMg(Si0 3 ) 2 } n is 
a typical example. 

(e) The closely related Amphibole minerals have a similar chain-like 
structure in which two pyroxene type chains are linked together through 
alternate tetrahedra, the latter thus forming three Si—O—Si linkages, 
thus— 

—SiO—O—Si0 2 —O—SiO—O—Si0 2 — 

O O 

I i 

—SiO—O—Si0 2 —O—SiO—O—Si0 2 — 

Fig. 197. Amphibole Structure 

In these structures, the silicon: oxygen ratio is 4; 11. The chain-like 
structure of both the pyroxene and amphibole minerals accounts for their 
familiar fibre-like nature, since any cleavage must take place parallel to 
the length of the chains. Asbestos is a typical example of an amphibole 
mineral. 

if) When each (Si0 4 ) tetrahedron shares three corners with other tetra¬ 
hedra, the relatively open, sheet-like structure found in the Micas is 
obtained, and the silicon: oxygen ratio is increased to 4: 10. 
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Fig. 198. Mica Structure 
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In many of these structures, some of the silicon atoms are replaced by 
aluminium atoms, the net result of which is to increase the negative 
charge by one for each silicon so replaced. This increase is balanced by 
the inclusion in the interstices of the structure of an additional metallic 
ion, as for example, in Muscovite Mica , [(OH) 2 KAl,(Si 3 Al)O 10 ] n . The 
planar, sheet-like nature of these silicates accounts for the well-known ease 
with which mica can be split into thin plates. 

(<?) The final class of silicate structures, the so-called framework 
structures , result when all the corners of the (Si0 4 ) tetrahedra are linked 
to other tetrahedra. Such an arrangement results in an indefinitely extended 
three-dimensional, relatively open framework having an Si: O ratio of 1:2. 
The simplest example of this structure is found in the various forms of 
silica (quartz, crystobalite and tridymite). When some of the silicon 
atoms are replaced by aluminium atoms, the resulting increase in negative 
c arge is compensated as before by the inclusion of metallic ions in the 
interstices of the structure. By far the most important such framework 
structures occur in the Felspars , such as Orthoclase , [K(Si 3 Al)0 8 ]„, 

and also in the Zeolites. The structures of the latter accounts for their 
two very interesting properties— 


(i) They contain more or less water which can easily be removed by 
heating without impairing the rigid silicon-oxygen framework. This 
water is often referred to as zeolitic water in distinction to water of 
crystallization, the removal of which destroys the crystal structure of the 
compound. It is explained by the very open nature of the zeolite frame¬ 
work, which is intersected by wide channels through which water 
molecules (and other solvent molecules) may easily pass without in¬ 
fluencing the structure as a whole; and 

(ii) The cations can be substituted reversibly by other cations, again 

without impairing the zeolite structure. This interesting property 

accounts for the increasing use of zeolites in the base-exchange type of 
water-softeners (see p. 512). b JV 


Recapitukmng, the silicate structures are based on the various ways in 

wmch the Si0 4 tetrahedra may link up, and are not derived from complex 

sincic acids the existence of which is extremely doubtful. Replacement of 

silicon by aluminium sometimes occurs, and each such replacement 

pro uces a net increase of one negative charge which is balanced by the 

presence o a suitable metallic ion in the interstices of the structure as 
snown on p. 606. 

n,,^ 00 " r H 1 yd ! ides or Silanes - Silicon resembles carbon in forming a 

hydrides, which differ however from those of carbon in that 
tney all belong to the saturated series (see p. 859), for example 

SiH 4 , Si 2 H 6 , Si 3 H 8 , Si 4 H 10) etc., 
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and also in the relative instability of the higher members and in their much 
higher reactivity. The latter is to be anticipated from the pronounced 
tendency of silicon to combine with oxygen rather than with itself, so that 
the hydrides might be expected for example to react more or less readily 
with oxygen-containing compounds. 

Table 94 


Silicate Structure Types 


Structure 

Example 

Si-.O Ratio 

Isolated tetrahedra .... 

Orthosilicates, e.g. 

l:4 

Two tetrahedra, sharing one corner. 

olivine 

Thorveitite 

2:7 

Closed rings of tetrahedra, each sharing 
two comers ..... 

Benitoite, Beryl 

l:3 

Infinite chains, each tetrahedra sharing 
two corners 

Pyroxene 

1:3 

Infinite double chains of tetrahedra, 
sharing alternately two and three 
corners ...... 

Amphiboles 

4:ii 

Infinite sheets of tetrahedra each sharing 
three corners ..... 

Micas 

2:5 

Infinite three-dimensional framework 
structures, each tetrahedra sharing 
all four corners .... 

Felspars, Zeolites, 
Quartz 

1:2 


The silicon hydrides were first prepared by Stock by a method which 
recalls his preparation of the boron hydrides. Magnesium silicide, 
prepared by heating magnesium and silicon together in the absence of air, 
was treated with 20 per cent hydrochloric acid, and the resulting hydrides 
condensed in a trap immersed in liquid nitrogen. Fractional distillation o 
the condensate in a vacuum apparatus enabled small quantities ot t e 

hydrides, listed above, to be separated— 

Mg 2 Si + 4HC1 = 2MgCl 2 + SiH 4 

Monosilane, SiH 4 , is however more easily prepared by using a solution 
of ammonium bromide in liquid ammonia in place of the acid to decom 
pose the magnesium silicide, and carrying out the reaction at — 3 in a 

slow stream of hydrogen. .. 

Compared with the corresponding carbon compounds, the silanes are 

less volatile (that is, they have higher boiling points), have lower ignition 

temperatures, and become increasingly more inflammable with increase in 
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molecular weight. Their stability also rapidly decreases with increase in 
molecular weight, and they are much more reactive chemically. Thus, they 
are decomposed by dilute alkalis— 

SiH 4 + 2NaOH + H 2 0 = Na 2 Si0 3 + 4H 2 f 

are strong reducing agents, and will consequently decolorize potassium 
permanganate solution, reduce mercuric salts to mercurous, ferric to 
ferrous, and cupric salts to copper hydride. The silanes also react explo¬ 
sively with chlorine and with bromine at ordinary temperatures. 

Halogen Compounds of Silicon 

Silicon Tetrafluoride, SiF 4 . It has already been stated that silicon (and 
silica) will ignite spontaneously in fluorine to form silicon tetrafluoride. 
The latter is more easily prepared however by heating a mixture of calcium 
fluoride and silica with concentrated sulphuric acid— 

CaF 2 + H 2 S0 4 = CaS0 4 + 2HF 
Si0 2 + 4HF = SiF 4 f + 2H 2 0 

This reaction will also occur with any silicate, and is used in gravimetric 
analysis to determine the proportion of silicon present (as silica). The 
sample to be analysed is weighed in a platinum crucible of known weight, 
and repeatedly ignited with small quantities of hydrofluoric acid until 
no further loss in weight occurs. The loss in weight then gives directly 
the wdght of silicon, calculated as Si0 2 , contained in the original sample. 

Silicon tetrafluoride is a colourless fuming gas, and is decomposed by 
water to form silicic acid and hydrofluosilicic acid; the presence of 
concentrated sulphuric acid in the above method of preparation prevents 
this hydrolysis by removing the water as it forms— 


SiF 4 + 3H 2 0 = H 2 Si0 3 + 4HF 
SiF 4 + 2HF = H 2 SiF G 

hydrofluosilicic 

acid 


he presence of a fluoride in an unknown mixture is sometimes detected 
by this hydrolysis. The mixture is heated with a little concentrated 

LT u u nc a £!, d ’ and a moistened glass rod held in the upper half of the 
st-tube. The liberated hydrogen fluoride attacks the glass to form 

i icon tetrafluoride which is hydrolyzed by the water on the glass rod to 
torm a white coating of silicic acid. 6 

f a iw, ydr °i fl u? SnidC 3Cid ' S a weak acid ’ and its salts > the Auosilicates are 
„ J‘ y „ S °! u , ble ln water > with ‘he exception of the potassium and barium 

„ rp ncH 1ar u s P ann 8 1 y soluble. Fluosilicates and hydrofluosilicic acid 
fj®. Sed > llke th e Auoborates, in certain plating solutions and in the electro¬ 
lytic recovery of some metals, for example in the production of lead of 
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99-99 per cent purity. The electrolyte is an aqueous solution of lead 
fluosilicate (containing about six per cent lead), to which is added about 
10 per cent of hydrofluosilicic acid. Gold, silver and bismuth remain 
undissolved at the anode, forming a slime which is collected and subse¬ 
quently worked up for these metals. 

Silicon Tetrachloride, SiCl 4 , is usually prepared by passing dry chlorine 
over a heated mixture of silica and carbon— 

Si0 2 + 2C + 2C1 2 = SiCl 4 + 2CO 

but it may also be prepared by the direct action of chlorine on silicon, 
silicon carbide or ferrosilicon, when these latter are heated. 


Sawdust 
and Salt 


Granulated Coke 


Sand and 
Coke 



Fig. 199 . Electric Furnace for the Manufacture of Calcium Carbide 

Silicon tetrachloride is a colourless fuming liquid which may be purified 
from excess of chlorine by shaking with mercury and then redistilling. It 
boils at 58°C and freezes at - 89°C, and when hydrolyzed by water forms 

silicic acid and hydrochloric acid— 

SiCl 4 + 3H 2 0 = H 2 Si0 3 + 4HC1 

Silicon Carbide (Carborundum), SiC, is manufactured by heating a 
mixture of sand and coke together in an electric furnace, such as the 

Acheson furnace used at Niagara. , ... 

The furnace charge consists of equal parts of sand and coke mix 
little salt and sawdust. This mixture is packed around a core of granulated 
coke which separates the two electrodes. The salt acts partly as a flux and 
partly to form chlorides with any metallic impurities present.^ 
sawdust helps to make the charge porous. After about 36 hours, dming 

which carbon monoxide gas is evolved, the current is cute* „dum is 
allowed to cool. The furnace is then d.smant^d and the carborundum 

found separated by a layer of graphite from the core between the two 
electrodes. 
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Carborundum is nearly as hard as the diamond, a property which ac¬ 
counts for its use in carborundum wheels as an abrasive. It is remarkably 
resistant to most chemicals including acids, but is attacked by fused 
alkalis. This resistance to chemical attack explains its use in the manu¬ 
facture of refractory materials, for example for furnace linings. 


Glass 

Glass is essentially a mixture of various metallic silicates which have not 
crystallized out on cooling from the fused state. Only the silicates of 
sodium and potassium are soluble in water, but if these are fused with other 
silicates, such as calcium silicate, the resulting glass becomes insoluble in 
water. The presence of the alkali silicate considerably lowers the fusion 
temperature (and so facilitates the glass manufacture) of the mixture, 
but the proportion must not be excessive since the resulting glass becomes 
appreciably soluble. The simpler lime-soda glasses probably consist 
of a solution of silica in a mixture of sodium and calcium silicates, in which 
the three major constituents are regarded analytically as a mixture of 
(a) the basic oxides, sodium and calcium oxides, and ( b ) the acidic oxide, 
silica. It is only a small step to the more general statement that glass is 
essentially a mixture of solid solutions (which has not crystallized on 
coohng from the fused state) of acidic oxides, such as silica, boric oxide, 
phosphoric oxide, etc., and metallic (basic) oxides, such as those of the 
alkali and alkaline earth metals and lead. Variations in the nature and 
proportion of these constituents, together if desired with the addition of 
colouring materials, then accounts for the very considerable number of 
substances which possess the characteristic properties of glass. They are 
amorphous, hard, brittle substances, which break with a conchoidal 
tracture and are usually transparent but may be translucent or even opaque. 

iheir method of manufacture may be illustrated by reference to the 
procedure for making lime-soda glass. A charge, consisting of a mixture 
ot sodium carbonate and sodium sulphate with calcium carbonate (or 
ime) and silica (sand), is mixed with ground scrap glass (cul/et) and melted 
n a large tank lined with fire-brick, or in covered fire-clay crucibles. The 

slnv^i 1S \ u t0 ^ ac *^tate the fusing operation. The reaction occurs 

t r em P erature h as to be controlled between certain limits. 
Ihe liberation of carbon dioxide— 


Si0 2 + CaC0 3 = CaSi0 3 + CO a f 

the fu , sed r mass t0 boiI > and when this ceases the “metal,” (i.e. 

normaMv ™, y /° r fabncatin g into the finished article. Since glass, as 
it ,*c y 0 e ’ ls ln a state of strain (due to its uneven contraction) 

*° an " eal the g |ass - In this operation, the glass is raised to a 

slow P |v ,r,. bCl T V n f softenin g-point, and then allowed to cool very 
y, e thicker the glass the longer the time required for cooling. 



610 


THE ELEMENTS OF GROUP IV 


Coloured glass is produced when certain metallic oxides (see “borax 
bead tests”) or other substances are included in the charge. These include 
the various oxides of iron, copper, chromium, manganese, cobalt, nickel 
and the rare earths, and also neutral materials such as carbon (blackening), 
sulphur (amber), silver (yellow) and selenium, copper, or gold (ruby red). 
Traces of manganese dioxide are often added when making common glass 
in order to decolorize the yellow or green colours imparted to the glass by 
the iron oxide impurities present in the sand. 

Bohemian or Hard Glass has a much higher softening temperature than 
lime-soda glass and is prepared by substituting potassium carbonate for 
the sodium compounds. 

Lead Glass or Flint Glass , used for example in making “cut-glass” 
articles, has a high refractive index. It is made by replacing most of the 
sodium compounds with lead dioxide, the latter forming lead silicate. 

Pyrex Glass , and other boro-silicate glasses (Monax, Hysil) owe their 
important properties of resistance to temperature change and to mechanical 
shock, to the presence of up to 12 per cent of boric oxide. Boric oxide 
in glass has a negative coefficient of thermal expansion up to 12 per cent 
concentration, but above this concentration, the sign of the coefficient 
changes. Pyrex glass contains about 80 per cent of silica, 12 per cent of 
boric oxide and only 3-4 per cent of sodium oxide. Its coefficient of 
expansion is approximately, 00000035 per degree Centigrade. An 
interesting example of its use is in the manufacture of the reflector for 
the 200-in. telescope in the observatory at Pasadena. 

Safety Glass. Laminated safety-glass is manufactured by sandwiching 
a layer of a tough transparent adhesive material, such as cellulose butyral 
between two layers of glass. “Toughened Glass” is prepared by rapidly 
and uniformly cooling the outer surface of glass which has been softened 
just previously. The sheet of glass to be toughened is supported vertically 
and heated to its softening point. It is then subjected to a blast of cold air 
to produce a uniformly strained state in the surface of the glass. Such 
glass is from six to ten times as strong mechanically as the similar but 
untreated glass, and when fractured the splinters do not have sharp edges. 

Quartz Glass. For an account of quartz glass and silica ware see p. 535. 

Water Glass. Sodium silicate is manufactured by fusing together a 
mixture of clean sand and sodium carbonate— 

Si0 2 + Na 2 C0 3 = Na^iOg + C0 2 f 

The solid product obtained on cooling is broken up and then heated with 
water and steam under pressure in suitable boilers, when the sodium 
silicate passes into solution. The resulting solution is then concentrated 
in evaporators of a special type to produce a very viscous water-white 
liquid, known as water-glass. Water-glass finds many interesting uses, 
such as in the manufacture of certain brands of fire-clay cements, in the 
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preserving of eggs (the pores of which are closed by the formation of 
insoluble calcium silicate), in fire-proofing wood, and as an ingredient in 
the cheaper varieties of soap. 

Clay 

Clays are formed by the weathering (i.e. decomposition) of felspathic rocks, 
and are composed essentially of hydrated aluminium silicates, such as, 
Al 2 Si 2 0 7 .2H 2 0, together with other substances, such as mica and 
quartz which were present with the felspar in the original rocks (e.g. 
granite)— 


2KAlSi 3 O g 4- 2H 2 0 + C0 2 = Al 2 Si 2 0 7 .2H 2 0 + 4Si0 2 + K 2 C0 3 

The purest clay in this country is found in Cornwall (St. Austell) and 
in Dorsetshire (Wareham), and is known as “china clay.” It is produced 
as described above by the weathering (or kaolinization) of felspar, which 
softens the latter so that it may easily be broken up. In practice this 
breaking up is effected by directing powerful jets of water on to the face 
of the rock, the water carrying away the decomposed felspar together with 
the quartz and mica present in the original granite rock. The coarse sand 
settles out in sand pits, and the water (with its suspension of clay) is then 
made to flow slowly over a series of terraces to enable the mica to settle 
out, before passing into the clay pits. Here, the water is partially separated 
and the clay then transferred to storage tanks where it is further dehydrated 
to the consistency of butter. Final drying is then effected by the combined 
action of filter presses and artificial heating. 

China clay is second only to coal, on a tonnage basis, as an export 
material. Apart from its use in the manufacture of ceramics (pottery, 
porcelain, china-ware), considerable quantities are used in paper-making 
to load the paper (particularly in newsprint because of its cheapness 
and because it helps to absorb the ink), and as a cheap white filler in the 
soap, paint and rubber industries. 

Ceramics. The term “ceramic” is applied in general to anything made 
by heating clay (pottery, porcelain, stone-ware, bricks, etc.). Ordinary 
c ay is a plastic, thixotropic material, which hardens irreversibly when 
heated sufficiently strongly. The occluded water and water of hydration is 
rst lost at about 400°-700 C, and above this temperature the alumina and 
silica react to form a new anhydrous aluminium silicate, the reaction being 
complete at 1100°-1200°C. The resulting burnt clay will not recombine 
with water, and so does not soften and reform the initial hydrated plastic 


Al 2 Si 2 0 7 .2H 2 0 


400°-700°C 


Al 2 Si 2 0 7 


700°-1200°C 


Ceramic 


The two important properties of clay are thus seen to be— 

(?) * ts P^stic nature, which enables it to be moulded into articles of 
different shape and size, and 
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(b) its behaviour when heated strongly, or fired , to form a permanently 

hard, practically infusible solid. 

Bricks, tiles, and ordinary red and brown stone-ware are produced by 
firing clay, more or less contaminated with oxides and various other 
impurities. Small quantities of old brick are usually incorporated in the 
finely-divided state (grog) to prevent undue shrinkage during the firing 
operation. The porous products are often rendered impermeable by 
surface glazing. The purer forms of clay, for example china clay, are used 
in the manufacture of porcelain and china-ware. These are non-porous, 
but may be glazed for decorative purposes and also to produce surfaces 
which keep clean. A simple method of glazing applicable to ordinary 
earthenware is to throw common salt into the kiln. The salt reacts with 
the steam to form sodium hydroxide— 

NaCl + H 2 0 = NaOH + HC1 

which then attacks the silica to form sodium silicate. This then reacts 
further to form a complex insoluble fusible silicate, resembling glass. More 
usually, the article is coated with a glazing material, consisting of felspars 
(or other alkali alumino-silicate), boric oxide or lead oxide, and given a 
short heat treatment to form a surface glassy layer of a boro-silicate or 
lead silicate. 

Refractories. A refractory material is one which not only has a relatively 
high fusion point, but in the industrial sense of the term, must also be 
able to withstand the corrosive action of molten slags and glasses, have 
relatively high mechanical strength, and possess a low heat conductivity. 
They are classified into three main types, based on the chemical properties 
of the constituent substances— 

(a) Acid Refractories. The most important acid refractories are made 
from silica and silicates (fire-clay). Relative freedom from impurities 
such as oxides of iron (which react for example with reducing gases in the 
blast-furnace), calcium and magnesium carbonates, and alkali compounds, 
is desirable since the presence of such impurities, as a result of lowering 
the melting point, may lead to ultimate break-down of the refractory 
bricks. The latter are prepared, after drying the moulded clay bricks, by 
firing for about three days at a temperature of approximately 1400 C. 
Silica bricks are manufactured similarly, using materials with a very high 
silica content, such as Dinas rock (95 per cent Si0 2 ), sandstone, white- 
sand, etc. 

(b) Basic Refractories. The most important basic refractories are 
prepared from magnesite and dolomite. These are calcined at a white 
heat to produce the oxides and liberate carbon dioxide. After powdering, 
these are then moulded into bricks and fired at a high temperature. Such 
basic refractories are used for example in the basic open-hearth stee 
furnaces. 
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(c) Neutral Refractories. The most important neutral refractories are 
made from carbon (graphite or plumbago) and from chromite. The latter 
is a naturally occurring ore, Fe0Cr 2 0 3 , with a very high melting point. 
After powdering it is mixed with a little clay (which serves as a binder), 
moulded into bricks, and fired in the usual way. 

Other refractories, not usually classified in one or other of the above 
groups, include those made from sillimanite (aluminium silicate), bauxite 
(aluminium oxide), zirconia (zirconium oxide) and silicon carbide. Silicon 
carbide bricks have a very high fusion point (greater than 2000°C) and 
have a heat conductivity about ten times that of ordinary fire-brick, 
properties which account for its increasing use in certain parts of furnaces. 


TIN 

Occurrence. Metallic tin does not occur in the free state in nature, 
and practically the whole of the world’s supply of the metal is obtained 
from one mineral only, namely, cassiterite , Sn0 2 . This mineral is often 
contaminated with other minerals such as arsenical pyrites, copper pyrites, 
tungstates, etc. Cassiterite is obtained both from lodes as well as from 
alluvial deposits. The tin content in some of these deposits of cassiterite is 
less than 1 per cent. The world's chief tinfields are located in Malaya, 
Burma, Siam, the Netherlands East Indies, Bolivia, Nigeria, the Belgian 
Congo, and China. By far the greatest production in all these, except 
Bolivia, is from alluvial and detrital deposits, such deposits yielding 
about three-quarters of the world's tin. Tin ore is one of the few important 
industrial ores not found in the U.S.A. The deposits in Bolivia are mostly 
vein formations. Some tin as cassiterite occurs in vein deposits in Cornwall. 


Extraction of Tin 

Mining and Concentration. Much of the cassiterite is mined by hydraulic 
methods in which the ore is sluiced out of the surrounding ground, the 
sand and gravel being treated in sluice boxes to concentrate the cassiterite 
and wash out the worthless gangue material. Also of importance are 
dredging methods in which the tin-bearing mud (sometimes containing 
only one part of cassiterite in 8000 or even 10 000 parts of alluvial silt) is. 
itted from the bottom of a lake. A modern tin dredge is much more than 
an excavating mechanism, however, since by a complex system of screens 
and jigs the tin-bearing mud is sorted out mechanically on board the 
r ^L.& e ’ a con centrate carrying 35 per cent of tin ore is obtained. 

Tin ore from vein deposits is first crushed and then subjected to classify- 
mg operations to produce a concentrate. 

Roasting. The concentrate obtained as described above is roasted in 

furnaces of the rotating cylinder type. During roasting much of the sulphur 

and arsenic and some of the antimony are volatilized and removed as 
tneir oxides. 
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If the tin concentrates contain tungsten compounds the material is then 
heated with sodium carbonate or sodium sulphate at a temperature of 
about 600°C. The sodium tungstate which is formed is then leached out 
with water. 

Smelting. The roasted (and leached) concentrate is then smelted with 
carbon in a reverberatory furnace. A temperature of 1200°-1300°C, 
is employed to ensure adequate liquation of the tin from the slag. The 
reaction involved is— 

Sn0 2 + 2C = Sn + 2CO t 


The metallic tin is tapped off from the bottom of the reverberatory 
furnace and cast into pigs weighing about 75 lb each. 

Refining. The tin obtained from the smelter is refined by liquating in a 
small sloping-hearth reverberatory furnace, the hearth sloping towards a 
large door or taphole, which discharges the tin continuously into a large 
cast iron kettle. This operation of liquation is repeated if necessary. In 
this refining process most of the iron, copper, arsenic and antimony 
remain in the furnace as dross; most of the lead and bismuth are retained 
in the tin. 


The tin contained in the cast iron kettle is then heated to a temperature 
considerably in excess of its melting point and submitted to “boiling, 
that is a poling operation similar to that employed for the fire-refining of 
copper (see p. 456). The tin produced in this manner has a purity of 99-9 

per cent tin. 


Physical Properties of Tin 

(a) Tin is a white lustrous metal, with a slight yellowish tinge. 

(b) Tin exists in two allotropic forms, the normal, white tetragonal 
form being stable above 13-2°C, whilst the grey cubic modification is 
stable below this temperature. The grey form is not readily produced 
unless the temperature is maintained at a considerably lower value than 
13-2°C Small contents of bismuth, antimony and lead, such as are often 
present as impurities, exhibit a strong inhibitive effect on the transforma¬ 
tion. At 170°C tetragonal tin passes into rhombic tin. 

(c) Tin has a low melting point (232°C), but a high boiling point 

(2270°C) 

(d) Tin is a soft metal which flows readily under pressure and may 
readily be rolled into foil or extruded into tubes, although it is not easi y 
drawn into fine wire. During the deformation of metallic tin (and certain 
tin-rich alloys) the so-called “cry” of tin is heard; this is due to the move- 
ment of crystal blocks by the deformation process. 

Chemical Properties of Tin 

( a ) Tin is not affected by air at atmospheric temperature, but when 
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heated in air to a temperature of 1500 c -1600~C, the metal takes fire 
burning with a white flame to form stannic oxide, Sn0 2 . 

(b) Tin is not affected by water, hence this characteristic in conjunction 
with that last named makes tin a suitable metal for protecting other more 
easily corrodible metals, for example iron and steel. 

(c) It does not combine directly with nitrogen and carbon, and only 
forms slight traces of stannic hydride, SnH 4 , when stannic oxide is reduced 
with hydrogen. 

(d) Tin combines directly with chlorine to give stannic chloride, SnCl 4 ; 
and with sulphur when heated to form stannous sulphide, SnS. 

(e) Dilute hydrochloric acid only attacks tin slowly forming stannous 

chloride and liberating hydrogen, but the concentrated acid attacks the 
metal rapidly. 

Dilute sulphuric acid reacts to form stannous sulphate and liberate 
hydrogen whilst the concentrated acid leads to the evolution of sulphur 
dioxide instead, thus— 

Sn + 2H 2 S0 4 = SnS0 4 + S0 2 f + 2H 2 0 

The action of nitric acid varies according to the temperature, and the 
concentration of the acid. Thus cold dilute nitric acid forms stannous 
nitrate and ammonium nitrate— 

4Sn + IOHNO 3 = 4Sn(N0 3 ) 2 + NH 4 N0 3 + 3H 2 0 

On the other hand nitric acid of about 50 per cent strength yields copious 

fumes of oxides of nitrogen and a bulky white precipitate of metastannic 
acid, H 2 Sn 5 O n . 4H 2 0. 

(/) Hot aqueous solutions of caustic alkalis react with tin to form 
stannates, thus— 

Sn 4 - 2NaOH + H 2 0 = Na 2 Sn0 3 + 2H 2 f 

sodium stannate 

Uses of Tin. Owing to its good resistance to corrosion under a wide 
variety of conditions the major use of tin is in the form of coatings for 
steel and for copper. Nearly 40 per cent of the world’s tin consumption 
is accounted for by tinplate which is used for cans for food packing, and 
for a large variety of sheet metal articles. Tin coatings, applied by hot- 
tpping, electrodeposition and by metal spraying, are also widely used for 
articles employed in the handling of water, milk and food products. 

Copper wire which is to be insulated with vulcanized rubber is first 
tinned, in order to protect it from attack by sulphur. 

Electrodeposited tin coatings are often applied to cast iron and aluminium 

alloy pistons used in internal combustion engines, in order to facilitate 
running-in.” 

The metal is also used in the form of piping for alcoholic liquors, and 
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distilled water, as collapsible tubes for toilet preparations, and as foil for 
wrapping cheeses and other products. 

Tin is an important constituent of many important industrial alloys; 
some of the more common are as follows. 

Table 95 


Typical Compositions of some Common Tin Alloys 


Name of Alloy 

Percentage Composition by Weight 

Sn 

Pb 

Cu 

P 

Zn 

Sb 

Bi 

Cd 

Soft solders— 









(a) Tinman’s solder . 

62-0 

38 







( b) Plumber’s solder. 

330 

67 

i 







Coinage bronze . 

4-5 ! 


95-5 






Cast phosphor bronze . 

120 


87-5 

0-5 





Gunmetal .... 

100 


88-0 


2 




Bell metal .... 

250 


75-0 






Type metal 

200 

54 

10 



25 

mm /v 


Wood’s metal . . . i 

12-5 

25 





50 

12*5 


Compounds of Tin 

Tin forms two series of compounds, stannous compounds in which a 
valency of two is exhibited, and stannic compounds in which tin has a 

valency of four. 

The stannous compounds are largely salt-like in character. 

Stannous Oxide, SnO. This compound is prepared either by heating 

stannous oxalate, 

SnC 2 0 4 = SnO + CO f + C0 2 t 

or by carefully heating stannous hydroxide in a stream of carbon dioxide, 

Sn(OH) 2 = SnO + H 2 0 

Stannous oxide is very easily oxidized, exposure to the air converting it 
to the stannic oxide. 

Stannous Hydroxide Sn(OH ) 2 is prepared by the addition of an alkali 
to the solution of a stannous salt, thus 

SnCl 2 + 2NaOH = Sn(OH) 2 \ + 2NaCl 

Stannous oxide is a brown (sometimes dark grey) powder which is 
amphoteric in character; it reacts with acids to give stannous salts, an 

with caustic alkalis to give stannites. 
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Stannous Chloride, SnCI 2 , is prepared by the action of hydrochloric 
acid upon metallic tin. From this solution the dihydrate, SnCl 2 .2H 2 0, 
often known as “tin salt,” crystallizes out. The anhydrous salt is obtained 
when the dihydrate is heated in a stream of hydrogen chloride. Alterna¬ 
tively, the anhydrous salt may be obtained by heating tin with mercuric 

chloride, when mercury volatilizes and stannous chloride remains as the 
residue— 

Sn + HgCl 2 = SnCl 2 + Hg t 

Stannous chloride dissolves readily in water, hydrolysis occurring, and a 
basic chloride being formed— 

SnCl 2 + H 2 0 ^ Sn(OH)Cl j + HC1 

Stannous chloride is a powerful reducing agent, for example in aqueous 
solution mercuric chloride is reduced first to mercurous chloride and 
finally to mercury, as follows— 

* / 

(i) 2HgCl 2 + SnCl 2 = Hg 2 Cl 2 j + SnCl 4 

( ij ) Hg 2 Cl 2 + SnCl 2 = 2Hg | + SnCl 4 

Similarly, ferric and cupric salts are reduced to the ferrous and cuprous 
states respectively, nitric acid is reduced to hydroxylammine, and chromates 
to chromium salts. Zinc, however is a more powerful reducing agent and 
reduces stannous chloride to metallic tin. 

Stannous Sulphide, SnS, is formed as a black powder by heating tin and 
sulphur together. When hydrogen sulphide is passed through the aqueous 
solution of a stannous salt, stannous hydrosulphide , Sn(HS) 2 is formed 
as a brown precipitate; on drying, this precipitate becomes black. 
Stannous sulphide reacts with yellow ammonium sulphide which converts 

su ^P^'^ e ant l thence into the soluble ammonium thiostannate , 

(NH 4 ) 2 SnS 3 . 

SnS + (NH 4 ) 2 S 2 = (NH 4 ) 2 SnS 3 

The stannic compounds are largely covalent in character, though in 
water the hydrated stannic ion can exist. 

Stannic Oxide, Sn0 2 . This compound occurs in nature as cassiterite, 

u it may e prepared in the laboratory, either by burning the metal in 

air, or alternatively by acting upon tin with concentrated nitric acid and 
calcining the residue obtained. 

Stannic oxide is not attacked by acids, except sulphuric acid with which 
it reacts to form stannic sulphate— 

Sn0 2 + 2H 2 S0 4 = Sn(S0 4 ) 2 + 2H 2 0 

This stannic sulphate is unstable and on dilution with water, stannic 
oxide is reprecipitated. 
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Stannic oxide reacts with caustic alkalis to form soluble stannates, thus— 

Sn0 2 + 2NaOH = Na 2 SnO a + H 2 0 

sodium stannate 

In industry, stannic oxide is employed in the manufacture of white 
glazes, tiles and glass-ware. 

Stannic Hydroxide, Sn(OH) 4 , is prepared by the action of aqueous 
solutions of caustic alkalis or the carbonates of the alkali metals upon 
solutions of stannic salts, thus— 

SnCl 4 + 4NaOH = Sn(OH) 4 j + 4NaCl 

The hydroxide is also precipitated when stannic chloride suffers hydrolysis. 

SnCl + 4H 2 0 = Sn(OH) 4 I + 4HC1 

If stannic oxide is dried in air it yields orthostannic acid , Sn(OH) 4 or 
H 4 Sn0 4 , but if dehydrated over concentrated sulphuric acid, metastannic 
acid is formed, SnO(OH) 2 or H 2 Sn0 3 . Tlie following outline shows the 
relationship of these compounds. 

Stannic hydroxide, Sn(OH) 4 
(dried in air) 

I 

Sn(OH) 4 or H 4 Sn0 4 

orthostannic 

acid 

> ' 

(dehydration with concentrated sulphuric acid) 

SnO . (OH) 2 Y or H 2 Sn0 3 

metastannic 

acid 

I 

(this acid exists in two forms, thus) 


I 

a-Metastannic acid 
derived from stannic salt solu¬ 
tions by precipitation with al¬ 
kalis. Salts of this acid yield the 
(Sn0 3 )" ion. 


I 

/?-Metastannic acid 
derived from the reaction of 
concentrated nitric acid on tin. 
This /^-metastannic acid is pos¬ 
sibly a polymerized form of 
a-metastannic acid (H 2 Sn0 3 ) 5 


Stannic Chloride, SnCl 4 is a colourless fuming liquid made by the 
action of chlorine on molten tin. When this reaction occurs the stannic 
chloride volatilizes and is collected in a receiver. 
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It fumes strongly in moist air, being converted into the pentahydrate 
SnCl 4 . 5H 2 0, which is often known as oxymuriate of tin or “butter of tin.” 
In the presence of excess water conversion into stannic acid occurs, thus— 

(i) SnCl 4 + H 2 0 ^ Sn(OH)Cl 3 1 + HC1 

(ii) Sn(OH)Cl 3 + 3H 2 0 ^ Sn(OH) 4 1 + 3HC1 

Stannic chloride forms a series of complex salts, of which the most 
important is ammonium chlorostannate, or “Pink salt,” (NH 4 ) 2 SnCl 6 . 

Both stannic chloride and pink salt are used as mordants in the dyeing 
industry. 

Stannic Sulphide, SnS 2 , is precipitated when hydrogen sulphide is passed 
through an aqueous solution of a stannic salt which has previously been 
acidified. 

Crystalline stannic sulphide, often known as “mosaic gold” is made by 
heating a mixture of powdered tin, sulphur and ammonium chloride. 

(i) Sn + 4NH 4 C1 = (NH 4 ) 2 SnCl 4 + H 2 + 2NH 3 

(ii) 2[(NH 4 ) 2 SnCl 4 ] + 2S = SnS 2 + (NH 4 ) 2 SnCl 6 + 2NH 4 C1 

Stannic sulphide dissolves in colourless ammonium sulphide to yield 
ammonium thiostannate— 

SnS 2 + (NH 4 ) 2 S = (NH 4 ) 2 SnS 3 

and in aqueous solutions of alkali metal hydroxides to form a mixture of 
the thiostannate and stannate of the alkali metal, thus— 

3SnS 2 + 6NaOH = 2Na 2 SnS 3 + Na 2 SnQ 3 + 3H 2 Q 


LEAD 

Occurrence. Lead sulphide occurring in nature as galena , PbS, is by far 
the most important source of the world’s lead. This mineral invariably 
contains some silver, often in sufficiently high content to permit of its 
profitable extraction. Other lead ores of importance are cerrusite , PbC0 3 
and angle si t e, PbS0 4 . Zinc is often found as sulphide along with lead 
ores. The world’s largest producers of lead ore are Australia (Broken 
Hill), Colorado and the Tri-State field of the U.S.A. (Missouri, Oklahoma 
and Kansas), British Columbia, Burma, Mexico, and the U.S.S.R. 


Extraction of Lead 

The chief processes involved in the extraction of lead are as follows. 

Concentration. Before being sent to the smelter it is necessary to remove 
as much of the impurities as possible. As stated above lead ores are 
requently intermingled with zinc ores and concentration of the mixed 
material is carried out both by flotation and by wet gravity methods, 
omplete separation of the lead ore from the zinc is rarely attained in 
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practice by ore-dressing operations and the lead ore sent to the smelter 
may contain as much as 5 per cent zinc along with 75 per cent of lead. 

Roasting. The concentrate from the concentration processes are then 
roasted in a reverberatory furnace. During roasting the sulphur content 
of the material is largely reduced and lead oxide is formed, thus— 

2PbS + 30 2 = 2PbO + 2S0 2 f 

This material forms a sinter which is very suitable for charging into the 
blast furnace in the next stage of the extraction process. 

Smelting. The roasted sinter along with coke (to serve both as fuel and 
reducing agent), iron, and limestone to act as a flux, are then charged into 
a blast furnace in which reduction to metallic lead occurs. The reactions 
involved during smelting are many, but the chief are as follows. The lead 
oxide is reduced by the carbon, and the unchanged lead sulphide by the 
iron— 

(i) PbO + C = Pb + CO t 

(ii) PbS 4- Fe = Pb + FeS 

The products of the blast furnace are (a) crude lead, (b) matte and slag, 
and (c) fume and dust. 

Refining of Lead. Lead contains two types of impurities, (i) base 
metals, and (ii) precious metals. In refining, both types are removed. Two 
processes are employed for the refining of crude lead; they are— 

(a) Fire-refining in which molten lead from the blast furnace is retained 
in the molten condition in a drossing kettle and “poled” by mechanically 
agitating the molten lead by means of compressed air or by steam. The 
base metal impurities rise to the surface as oxides and are removed by 
skimming with a perforated disc or spoon. Other fire-refining processes 
are the Parke’s and Luce Rozan processes ( see pp. 469, 470). 

(b) Electrolytic refining is carried out by the Betts process (see p. 471). 

Physical Properties of Lead 

(a) Lead exhibits a bluish-grey colour, and on a clean surface shows a 
metallic lustre. 

(b) It is the softest of the metals in common use, it flows readily under 
pressure, and can be pressed into any form and extruded as rod and pipe. 

(c) It is very malleable and can be readily rolled into thin sheets (lead 
foil); owing to its low strength, however, it cannot be drawn into wire. 

(cl) It is the heaviest of the common metals, its density being 11-34 g/cm } . 

(e) It has a low melting point (327-4 C); it boils at 1744 C C, but is 
appreciably volatile at much lower temperatures than the boiling point and 
there is always loss on melting. 

(f) It is a poor conductor of electricity and heat, being about 7 for the 
former and 8 for the latter, on scales having silver 100. 
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Chemical Properties of Lead 

(a) On exposure to the air, lead is rapidly tarnished owing to the forma¬ 
tion of a superficial layer of the white hydroxide and the carbonate; this 
film inhibits further attack to a large extent and accounts for the corrosion 
resistance of the metal. 

(b) Pure air-free water does not attack lead, but the presence of dissolved 
air results in solution of the metal owing to the formation of the slightly- 
soluble plumbous hydroxide. Thus natural waters which have been 
softened to a low degree of hardness should not be circulated through lead 
pipes or the dissolved lead hydroxide may lead to poisoning. If such 
natural water, however, contains dissolved sulphate or carbonate the 
attack of the water is inhibited owing to the formation of a protective 
layer of lead carbonate and/or sulphate. 

( c ) When lead is heated in the air it slowly reacts to form lead monoxide, 
PbO (litharge). Further heating converts litharge into red lead, Pb ;{ 0 4 . 

(d) Lead combines directly with chlorine to form lead chloride, PbCl 2 ; 

and with sulphur to form lead sulphide, PbS. It combines directly both 
with carbon and with nitrogen. 

(<?) Lead is only attacked slowly by hydrochloric acid, whether dilute 
or concentrated. 

Dilute sulphuric acid likewise has no appreciable action upon lead. Hot 
concentrated sulphuric acid reacts with the metal to form lead sulphate and 
liberate sulphur dioxide, thus— 

Pb + 2H 2 S0 4 = PbS0 4 + 2H 2 0 + S0 2 t 

numA ™ tr * c ac id* l ea d reacts to form lead nitrate (plumbous nitrate), 
Pb(N0 3 ) 2 , and evolve oxides of nitrogen. 

In the presence of air, lead is attacked by weak organic acids such as 
acetic acid and carbonic acid. 

(/) Lead is not attacked by alkalis. 

Uses of Lead. Lead is used for building purposes in the form of sheet 
an pipe. Lead sheet is also used for the lining of containers for dehy¬ 
drated food. Lead is also used in the chemical industry for the lining of 

many types of reaction vessels and as a material for making the sheaths of 
electric cables. b 

The metal is also used as raw material for the manufacture of many types 
o ea compound such as lead azide, which often replaces mercury ful¬ 
minate as a detonator, and lead tetraethyl used in aviation petrol. Lead 
is otten used as an anti-corrosion coating for steel, to replace galvanizing; 

uc ea coatings may be applied either by hot-dipping or by electroplating, 
ea is a so an important constituent in many important alloys, for 

xampte soft solders, type metal and Wood’s metal (see p. 710), white 
metalsfor bearings (28-80 per cem Pb: 5-93 per cent Sn: 4-15 per cent 
• 15 3-5 per cent Cu), for accumulator plates (92 per cent Pb: 8 per 
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cent Sb), and lead bronzes (8*0-35-0 per cent Pb: 5*0-10*0 per cent Sn: 
0*5-1 *0 per cent Ni: 0*05-0*3 per cent P: copper making up the balance). 

Compounds of Lead 

Lead forms two series of compounds, the plumbous compounds and the 
plumbic compounds, the former being divalent and the latter tetravalent. 

Plumbous Oxide, PbO, or lead monoxide is formed as a yellow powder 
when metallic lead is heated gently in air. This dross is known as massicot. 
When this massicot is heated and the mass powdered an orange-yellow 
variety of the monoxide is obtained; this is termed litharge. 

Properties of Plumbous Oxide. Lead monoxide dissolves slightly in 
water to give an alkaline solution of plumbous hydroxide, Pb(OH) 2 . The 
monoxide is amphoteric, reacting with acids to form the corresponding 
plumbous salts, and with caustic alkalis to form soluble plumbites, lead 
hydroxide being precipitated initially. 

(i) PbO + 2HC1 = PbCl 2 + H 2 0 

(ii) PbO + 2NaOH = Na 2 Pb0 2 -f H 2 0 

Lead monoxide is readily reduced to metal by heating with the usual 
reducing agents such as the following— 

(i) PbO 4- H 2 = Pb -f H 2 0 t 

(ii) PbO + C = Pb + CO f 

(iii) PbO + CO = Pb + C0 2 t 

(iv) PbO + KCN = Pb 4- KCNO 

Uses of Plumbous Oxide. Lead monoxide is principally used for filling 
the grids of electrical storage battery plates, in the manufacture of flint 
glass, frits for earthenware glazes, for the production of lead acetate and 
nitrate, for driers for paint and varnish, for proofing fabrics, and the 
manufacture of certain rubber goods, linoleum, lead plaster and some 
insecticides. For use in the manufacture of glass, lead monoxide should 
only contain traces of iron, copper and silver. 

Red Lead, Pb 3 0 4 (Triplumbic tetroxide or Minimum). On a com¬ 
mercial scale red lead is made by heating lead monoxide in a furnace at a 
temperature not exceeding 460 C. The monoxide is oxidized as follows 

6PbO + 0 2 2Pb 3 0 4 

At temperatures in excess of 460 C, the reverse reaction occurs and the 
monoxide is re-formed. The proportion of red lead in the product may be 
varied at will; the higher ranges (over 93*15 per cent Pb 3 0 4 ) do not set 
with linseed oil and are therefore suitable for use in ready-mixed paints. 

Properties of Red Lead. In its chemical reactions red lead behaves as 
though its constitution is 2PbO . Pb0 2 . Thus when it reacts with hot 
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dilute nitric acid it forms a solution of plumbous nitrate and a precipitate 
of lead dioxide— 

Pb 3 0 4 + 4HN0 3 = 2Pb(N0 3 ) 2 + Pb0 2 i + 2H 2 0 

With hydrochloric acid, lead chloride is formed and chlorine is liberated. 
It is not unlikely that lead dioxide is formed as an intermediary product, 
thus— 

(i) Pb 3 0 4 + 4HC1 = PbCl 2 + Pb0 2 j + 2H 2 0 

(ii) Pb0 2 + 4HC1 = PbCl 2 + Cl 2 t + 2H a O 

Uses of Red Lead. About 60 per cent of the world production of red 
lead is used in pasting the plates of electric storage batteries, whilst about 
30 per cent is used for paint, mostly for protecting iron and steel. Other 
uses include its employment for the manufacture of flint and optical glass, 
in some pottery glazes, match-making, jointing compositions, and in the 
manufacture of driers for varnish. 

Orange lead , a variety of red lead produced by the calcination of white 
lead, and containing upwards of 95 per cent true red lead, has a low bulk 
density and less tendency than has ordinary red lead to set in paint media 
containing varnish. It is a valuable pigment for use in printing inks, in 
certain enamels and in lakes. 

Lead Carbonate, PbC0 3 . In the laboratory, lead carbonate may be 
prepared by the addition ol a solution of sodium bicarbonate to the 
aqueous solution of a lead salt. 

Pb ++ + 2(HC0 3 ) / = PbC0 3 | + H 2 0 + C0 2 

The addition of sodium carbonate solution gives rise to the formation of 
basic lead carbonate, 2PbCO a . Pb(OH) 2 . This compound, which is also 
known as white lead , is an exceedingly important lead pigment; it is made 

on a large scale by two processes, namely, the older “Dutch process,” and 
the more recent “Carter process.” 

In the Dutch process, lead is melted and cast into the form of 6 in. 
disks. These are placed on shelves in small earthenware pots contain¬ 
ing 3 per cent acetic acid in vessels underneath the shelves. The pots are 
stacked in tiers and spent tannery bark placed all round them, the reaction 
vessels being then sealed off, and left untouched for about 3 months. 
During this period the acetic acid vapour, moisture, and carbon dioxide 
from the fermentation of the tannery bark all act upon the lead and 
convert it into flaky white lead. This is then broken away from any 
unchanged lead, ground, floated in water and finally dried to give a 
product which contains about 70 per cent PbC0 3 and 30 per cent Pb(OH) 2 . 

In the Carter process, melted lead is atomized by spraying from nozzles 
by means of compressed air or steam. The finely divided lead is “corroded” 
with a spray of acetic acid, carbon dioxide and air in a large rotary furnace. 
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The Carter process occupies a time of 5-12 days and gives a material 
which is whiter, finer, and more uniform than that obtained by the Dutch 
process. The reactions for both the Dutch process and the Carter process 
are the same— 


(i) 2Pb + 0 2 = 2PbO 

(ii) PbO + 2CH 3 COOH = Pb(CH 3 COO) 2 + H 2 0 

(iii) Pb(CH 3 COO) 2 + 2PbO + 2H 2 0 = [Pb(CH 3 COO) 2 .2Pb(OH) 2 ] 

(iv) 3[Pb(CH 3 COO) 2 .2Pb(OH) 2 ] + 4C0 2 = 

2[2PbC0 3 . Pb(OH) 2 ] + 3Pb(CH 3 COO) 3 + 4H 2 0 

White lead is one of the oldest and one of the most important of the 
white pigments. Paints made from this material' have a high covering 
power and are very easily applied. They have the disadvantage, however, 
that they react readily with hydrogen sulphide forming black lead sulphide. 

Lead Sulphate, PbS0 4 , may be prepared by adding dilute sulphuric 
acid to the solution of a plumbous salt. It is a white compound which is 
only slightly soluble in water. Basic lead sulphate PbO . PbS0 4 finds 
application as a pigment. 

The Lead Accumulator consists of a group of negative plates composed 
of finely-divided lead contained within a lead grid, and a group of positive 
plates containing a paste of lead dioxide also confined within a lead 
grid. The two groups of plates intermesh but do not touch one another. 
This composite block of positive and negative plates is immersed in an 
electrolyte of sulphuric acid. 

When the positive plates are connected externally to the negative plates, 
an electric current flows through the circuit established and concurrently 
the following chemical reaction occurs 

Discharging reactions 

Pb0 2 + Pb + 2H 2 S0 4 ^ 2PbS0 4 + 2H 2 0 

<-Charging reaction 


On charging the reverse reaction occurs. . . . 

It will be noted that discharging is associated with dilution of the 
sulphuric acid (since water is produced by the reaction); it is therefore 
usual to control the degree of discharge of these cells by observation of 
the density of the sulphuric acid electrolyte, and when a certain minimum 
density is reached the cell is re-charged. If the discharging reaction is 
allowed to proceed to completion the lead sulphate formed in masses 
on the plates is very difficult to remove and the cells are said to oe 

T^ad^Chromate, PbCrO,, is precipitated as a yellow solid when the 
aqueous solution of a soluble chromate is added to the solution of a lean 
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salt. It is employed as a yellow pigment under the names of chrome yellow , 
lemon chrome and Cologne yellow, if the chromate is boiled with alkali 
hydroxide solution it is converted into a red basic lead chromate , 
PbCr0 4 . Pb(OH) 2 which also finds application as a pigment, under the 
name of chrome red. 

Lead Acetate, Pb(CH 3 COO) 2 , also known as sugar of lead is made 
by boiling litharge with acetic acid; the salt is obtained by evaporation 
of the solution. Lead acetate finds application in medicine and as a 
mordant. 

Lead Dioxide, Pb0 2 , is prepared by the action of nitric acid on red 
lead. 

2PbO . Pb0 2 4- 4HNO a = 2Pb(N0 3 ) 2 + PbO, j + 2H,0 

Pb 3 0 4 

Lead dioxide is precipitated as a dark chocolate coloured substance 
whilst the plumbous nitrate remains in solution; the former is then 
filtered off, washed with water and dried at 100°C. 

It is also formed on the positive plate when a solution of a lead salt 
in sulphuric acid is electrolyzed (see Lead Accumulator, p. 624). 

Properties of Lead Dioxide. When heated, lead dioxide decomposes 
above 300°C as follows— 

2Pb0 2 = 2PbO H- O, f 

It is insoluble in water, in nitric acid and in dilute hydrochloric and 
sulphuric acids. Concentrated hydrochloric acid reacts with it to form 
plumbous chloride and evolve chlorine, whilst concentrated sulphuric acid 
reacts to form plumbous sulphate and evolve oxygen. 

With concentrated aqueous solutions of the alkali metals, lead dioxide 
reacts to form the corresponding plumbates, thus— 

Pb0 2 + 2NaOH = Na 2 Pb0 3 + H,0 

Lead dioxide is a powerful oxidizing agent, for example it reacts very 

vigorously with sulphur dioxide forming plumbous sulphate; the lead 
dioxide glows during this oxidation. 

Lead dioxide is an amphoteric oxide owing to its ability to react with 
both acids and with alkalis. 

Plumbic Tetrachloride, PbCI„ is an oily yellow liquid of high density 

which is prepared by the action of concentrated sulphuric acid upon 
ammonium plumbichloride, thus— 

(NH 4 ) 2 PbCl G + H 2 S0 4 = (NHj) 2 S0 4 + 2HC1 + PbCI, 

and^chksrine 1 — r ' de ‘ S decom P osed on heatin g into plumbous chloride 

PbCl 4 = PbCl 2 + Cl 2 t 
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Reaction with water gives rise to the formation of lead dioxide and hydro¬ 
chloric acid— 

PbCl 4 + 2H 2 0 = Pb0 2 I + 4HC1 

Lead Tetraethyl, Pb(C 2 H 5 ) 4 , is made by the reaction of plumbous 
chloride with magnesium ethyl iodide. Lead tetraethyl behaves as a 
negative catalyst when added to certain types of petrol to inhibit the 
tendency for pre-ignition. 



CHAPTER 23 


THE ELEMENTS OF GROUP V 

Nitrogen is the first element of the Group V family— 

/Vanadium—Niobium—Tantalum (Group \a) 

Nitrogen—Phosphorus^ 

^Arsenic—Antimony—Bismuth (Group \b) 

Nitrogen and phosphorus are non-metals, vanadium, niobium and 
tantalum are metals, but the Group \b elements, arsenic, antimony and 
bismuth have characteristics of both and are sometimes referred to as 
metalloids. The principal valencies are three and five. 

NITROGEN 

Nitrogen forms the major constituent of the atmosphere, being present 
to the extent of about 79 per cent by volume or 76 per cent by weight. 
In chemical combination with other elements it occurs as sodium nitrate 
in Chile saltpetre, in proteins, and many other animal and vegetable 
products. 

Preparation. Commercially, nitrogen is obtained almost exclusively 
from air by the process discussed in detail on pp. 381-384. The air is 
first liquefied and then fractionally evaporated so as to isolate, in a rela¬ 
tively pure form, not only nitrogen and oxygen but also the inert gases 
(neon, argon, etc.) which are present to a small extent in the atmosphere. 

Some nitrogen is obtained commercially from air by burning out the 
oxygen with waste hydrogen, the latter for example being obtained as a 
by-product in the electrolysis of aqueous sodium chloride. 

In the laboratory, nitrogen (together with the inert gases) may be 
prepared from air by passing the latter successively through— 

(i) a strong solution of sodium hydroxide, to remove any acidic 
gases, such as carbon dioxide and sulphur dioxide, and 

(ii) an alkaline solution of pyrogallol; or slowly over strongly 

heated copper turnings contained, for example, in a hard glass tube, 
to remove the oxygen. 

The residual nitrogen may then be collected over water, but note that 
it will still contain the inert gases. If required pure, the nitrogen is first 
converted into magnesium nitride, MgsR,, by strongly heating magnesium 
in the gas. Ammonia is then liberated by the action of water, and the am¬ 
monia then passed over heated copper oxide to liberate the nitrogen. 

627 
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Chemically pure nitrogen is however best prepared in the laboratory 
from nitrogen-containing compounds by one of the following methods— 

(a) By the thermal decomposition of ammonium nitrite— 

NH 4 N0 2 = 2H 2 0 + N 2 

In practice, since this reaction may occur explosively, it is safer to heat a 
mixture of solutions of ammonium chloride and sodium nitrite. The am¬ 
monium nitrite then decomposes as it is formed from these two reactants— 

NH 4 C1 + NaN0 2 = NaCl + 2H 2 0 + N 2 

The gas is then bubbled through sodium hydroxide solution to remove 
traces of free chlorine, through concentrated sulphuric acid to remove 
any free ammonia and to dry the gas, and finally over heated copper 
turnings to decompose any oxides of nitrogen present. 

(b) By heating ammonium dichromate (or a mixture of ammonium 
chloride and potassium dichromate) followed by purification as in (a). 

(NH 4 ) 2 Cr 2 0 7 = Cr 2 0 3 + 4H 2 0 + N 2 

(c) From ammonia, either by passing the gas over heated copper oxide 

3CuO + 2NH 3 = 3Cu -F 3H 2 0 + N 2 


or less satisfactorily by the action of chlorine on ammonium hydroxide 
(but excess of chlorine gives the explosive nitrogen trichloride NCI 3 ), the 
hydrogen chloride dissolving in the water present 

2NH 3 + 3C1 2 = 6HC1 + N 2 

(d) From the various oxides of nitrogen by passing these gases over 
heated copper turnings— 

2Cu + 2NO = 2CuO + N 2 

(e) From urea by oxidation with aqueous sodium hypochlorite, NaCIO 
or with nitrous acid— 


CO(NH 2 ) 2 


- 3NaOCl 
CO(NH 2 ) 2 


2NaOH = Na 2 C0 3 + 3NaCl + N 2 -F 3H 2 0 
2HNOo = H 2 C0 3 + 2N 2 4- 2H 2 0 


Physical Properties of Nitrogen. A colourless, odourless gas, slightly 

soluble in water (but less so than oxygen), it may be liquefied at - 
and solidified at-214°C. It is not poisonous, but does not support lit • 
In the absence of oxygen, animals are suffocated; they are not poisone y 
the nitrogen. Cylinders of nitrogen are available commercially in g y 
coloured cylinders, the top (or shoulder) of which ^ pamted black 
Chemical Properties of Nitrogen. Nitrogen is often loosely ^garded __ 

non-reactive element, a view which is based on its genera n 200°C. 
when compared with oxygen at moderate temperatures up o a 
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It will be recalled that oxygen might similarly be regarded as non-reactive 
if its reactivity at room temperatures only were considered. The fact is that 
the nitrogen molecule is more stable than the oxygen molecule, so that a 
higher temperature is necessary before sufficient partial dissociation 
occurs to initiate chemical reaction. If the resulting reaction then occurs 
with further evolution of heat, that is, is exothermic, then further dissocia¬ 
tion of nitrogen molecules will occur and the nitrogen reacts. 

The molecular structure of nitrogen contains three covalent linkages 

between the two nitrogen atoms, N=N, whereas oxygen contains only 

two, 0 = 0, and fluorine one, F—F. Of these three gases, fluorine is 

extremely reactive even at ordinary temperatures, oxygen in general requires 

moderate heating, whilst nitrogen requires considerable heating before 

reaction occurs. It appears that the reactivity of these gases is inversely 

proportional to the number of covalent linkages involved in the respective 

molecules, with nitrogen consequently the least reactive. This conclusion 

is supported by measurements of the heats of dissociation of nitrogen, 

oxygen, and fluorine. These are found to be approximately in the ratio of 
3«2 

N 2 = 2N- 169-3 cal. 

0 2 = 20- 117-4 cal. 

F 2 = 2F — 64 0 cal. 

The chemical reactivity of nitrogen is revealed by such reactions as— 

(i) It combines with many metals on heating to a dull red heat or 
higher temperature to form nitrides. Thus, when magnesium is burnt 
in air, it forms not only magnesium oxide but also the pale yellow mag¬ 
nesium nitride, Mg.jN 2 . The presence of the latter may readily be detected 

y moistening the solid with water to liberate the easily recognizable 
ammonia gas— 

Mg,N 2 + 6H 2 0 = 3Mg(OH) 2 + 2NH 3 

Lithium, calcium and boron also burn when heated strongly in nitrogen 
to form nitrides, Li 3 N, Ca 3 N 2 and BN. 8 

(ii) It combines with most non-metals at sufficiently elevated tempera- 
ures. Thus reaction with oxygen occurs to a small extent above 1000°C 

° wJL^ ltr , 1C oxide > the yield of which is increased to about 5 per cent 
C see Arc Process, p. 631). Ammonia gas is formed when 
nitrogen and hydrogen react together at 400-600°C, a reaction which is 
me basis of the modern industrial processes for synthesizing ammonia 

hint ?^ n u tnC add ’ CtC - (5ee Haber Process > P- 634 >- Nitrogen also com¬ 
bines at high temperatures with carbon, silicon and boron. 

(.in) It combines directly with calcium carbide at about 1000°C to form 
alcium cyanamide, CaCN 2 , an important nitrogenous fertilizer— 

CaC 2 + N 2 = CaCN 2 + C 
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Uses of Nitrogen. The principal use of nitrogen is in the manufacture 
of ammonia from which nitrogenous fertilizers, nitric acid and related 
compounds, and urea are now mainly prepared. Smaller quantities are 
used to provide an inert atmosphere in certain metallurgical operations, 
in high temperature mercury-in-glass thermometers, etc. 


The Nitrogen Cycle in Nature 


It is no exaggeration t.o say that all forms of living matter, both animal 
and vegetable, require some form of chemically combined nitrogen for 
their sustenance. Thus plant-life depends upon the presence of nitrates 
and certain other nitrogenous compounds in the soil (although phosphates, 
potassium compounds, and traces of compounds of certain elements are 
also necessary), whilst animals require proteins, which are somewhat 
complex organic compounds containing nitrogen. The animals obtain 
their proteins from plants, and in the natural course of events return these 
and other nitrogenous compounds back to the soil in the form of excreta 
and the products of animal decay. Certain bacteria present in the soil 
convert these organic nitrogen compounds into other compounds, such as 
nitrates upon which plant-life depends, and thus the nitrogen cycle is 
completed. 

This simple cycle is not however one hundred per cent efficient; a 
steady loss of nitrogen occurs from two causes. Thus, the bacteria in 
the soil convert only a part of the organic matter into nitrates, etc., and 
some free nitrogen is produced which escapes into the atmosphere. The 
second cause is a man-made one. The progress of civilization has resulted 
in improved methods of sanitation, with the result that enormous quantities 
of waste organic matter are now discharged into the rivers and seas or 

otherwise wasted. 

Nature tends partially to restore the resultant drainage of nitrogen from 
the land by two distinct processes. Certain plants, known as the legurru- 
nosae (peas, beans, clover, etc.) are able to assimilate nitrogen directly 
by the action of certain bacteria present in nodules in the roots, lhe 
latter apparently convert the nitrogen into compounds suitable for plant- 
life. By growing a crop of clover, for example, after corn or wheat, the 
nitrogenous food matter in the soil is replenished and indeed so effective 
is this method for preserving the fertility of the soil that at Ilothamsted 
the rotation of crops has been successfully carried out without artificial 
fertilization for a period of well over a hundred years The second 
process whereby nature attempts to restore the balance of nitrogen n 
the soil occurs during electrical storms (lightning, etc) and results 1 
the formation of important quantities of nitric acid and henc 


nitrates. 

The need for ever-increasing quantities 
food-stuffs in the world of today has meant 


of cereals and other vegetable 
that the soil must be enriched 
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with nitrogen-containing compounds obtained from other sources if 
its productivity is to be maintained or even increased. For a long time the 
only sources of these compounds were— 

(a) The extensive deposits of Chile saltpetre, NaN0 3 which occur in 
South America. 

(b) The sulphate of ammonia, produced as a by-product in the purifica¬ 
tion of coal-gas in gas-works. 

Nowadays, the greater part of the enormous world demand for nitro¬ 
genous fertilizers is obtained synthetically from atmospheric nitrogen, and 
the fear that with the exhaustion of the Chile nitrate-beds the supply of 
nitrogen fertilizers would necessarily diminish has thus been completely 
removed. 

The processes whereby the inexhaustible supplies of nitrogen in the 
atmosphere may be converted, or “fixed,” industrially into useful com¬ 
pounds began with the now mainly absolescent “Arc Process,” which has 
almost entirely been replaced by the “Cyanamide” and the very important 
Synthetic Ammonia” processes. The student will appreciate that the 
liquefaction and fractional distillation of air to separate more or less 
pure nitrogen does not in itself constitute a “fixation” of the nitrogen, 
and that the latter in its elementary form is not a food-stuff. 

Fixation of Atmospheric Nitrogen 

The Arc Process. Priestley first noticed that a decrease in volume occurs 

when an electric spark is passed through air confined over water, and that 

the latter becomes acidic. In 1780, Cavendish repeated the experiment 

and found that nitrites and nitrates were formed if sodium hydroxide 

solution replaced the water. The development of cheap hydro-electric 

power in Norway led in 1904 to the development of the Birkeland-Eyde 

Process, and the manufacture of considerable quantities of calcium 
nitrate fertilizers. 

The process is based on the reversible and highly endothermic 
reaction— 

N 2 + 0 2 ^ 2NO - 43 200 cal. 

nitric oxide 

By ,fPP. lyin g. U Chatelier’s Principle, it is seen that the equilibrium 
yield of nitric oxide may be increased by increasing the temperature of 
the reaction. No appreciable reaction however occurs below 1000 3 C, 
and even at this temperature the equilibrium yield is less than a half of 
°ne per cent. At about 3000°C, the yield is increased to about five per 
JP 118 temperature is produced in practice by a powerful electric 
arc. The latter is drawn out, by means of suitably arranged powerful 
electro-magnets, into a large alternating disc of flame in a flat circular 
iurnace and air is blown rapidly through the flame. 

2i-(T.447) 
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The main problem, however, is to “fix” this small yield of nitric oxide. 
If the temperature of the issuing air is not reduced very rapidly to well 
below 1000 C (in order to slow up the rate at which the forward and 
back reactions involved in the above equilibrium occur) the equilibrium 
yield of the nitric oxide automatically reduces itself with the falling tem¬ 
peratures, and the benefit of the initial high temperature reactions will 
be lost. In practice, therefore, the air containing the nitric oxide is rapidly 
cooled by passing successively through brick-lined iron pipes, steel boilers, 
and aluminium pipes, but even then the resultant yield of nitric oxide is 
little more than one per cent. The cumulative nature of the process and the 
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Fig. 200. Manufacture of Nitric Acid by the Arc Process 


fact that the air costs nothing makes even this relatively small conversion 
one of considerable importance. 

Below about 600°C, the nitric oxide then begins to combine with more 
oxygen to form nitrogen peroxide by the reaction— 

2NO + 0 2 ^ 2N0 2 

This reaction is also reversible, and occurs more completely the lower 
the temperature. To allow time for the relatively slow conversion of 
the nitric oxide to nitrogen peroxide, the air containing the nitric oxide 
is passed through large empty iron-towers on their way to the absorption 
towers. These latter consist of large towers some 80 ft high and filled wit 
broken quartz down which a stream of water is passed. The air enters 
near the base of the tower and the nitrogen peroxide is removed by sue 

reactions as— 


2N0 2 + h 2 o = hno 2 + hno 3 
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More nitric acid forms as a result of the decomposition of the nitrous 
acid and further oxidation of the liberated nitric oxide— 

3HN0 2 = 2NO + HN0 3 + H 2 0 
2NO + 0 2 = 2N0 2 

Any remaining oxides of nitrogen are removed by washing the air with 
aqueous sodium carbonate in further absorption towers to form sodium 
nitrite. 

The process thus “fixes" atmospheric nitrogen in the form of nitric 
acid and sodium nitrite. The nitric acid is about 30 per cent concentrated, 
and in times of peace is mostly neutralized with limestone to form calcium 
nitrate, which is used extensively as a fertilizer. 

The Cyanamide Process. The Cyanamide process has as its starting 
materials limestone, coke and air. Quick-lime, CaO, is produced from 
limestone, CaC0 3 , by the usual lime-kiln process (see p. 502), and is 
then converted into calcium carbide, CaC 2 , by heating with coke at about 
2000°C. Relatively pure nitrogen, obtained from air by the liquefaction 
and fractional evaporation process (see p. 381), then reacts with the 
carbide at about 1000 C to form calcium cyanamide, CaCN 2 — 

CaC 2 + N 2 = CaCN 2 + C 

Limestone 

I 

Quick-lime Coke 

~~ l (26600 

Calcium carbide 

1 Tiooo’o 

CALCIUM CYANAMIDE 

The reaction to form calcium carbide is carried out either in an ingot 
furnace or in a tapping furnace. In the former, a carbon electrode is 
lowered into a carbon-lined steel furnace mounted on a trolley. An arc 
is struck with the bottom and the charge of quick-lime and coke added 
gradually; simultaneously the electrode is slowly raised until the furnace 
is u 1. The current is then shut off and the furnace allowed to cool to 
produce an ingot of calcium carbide. In the tapping furnace (a carbon- 
lined steel shell) the heat is supplied by three carbon electrodes connected 
to a three-phase electrical supply, and the charge is added continuously 
at the top. Molten carbide at about 1800 3 C is periodically tapped from 

e ottom of the furnace. Considerable power is consumed since the 
reaction is strongly endothermic— 

CaO + 3C = CaC 2 + CO f - 103 000 cal. 


Air 


Nitrogen 
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The conversion of the carbide to cyanamide is carried out at about 
1000°C in fire-brick lined steel vessels. A central carbon rod serves 
as an electrical resistance element to provide sufficient heat to initiate 
the reaction— 

CaC 2 + N 2 = CaCN 2 4- C 4- 68 000 cal. 

Nitrogen, obtained as described above from the air, is admitted near 
the base of the vessel. The heat of the reaction is sufficient to maintain 
the temperature at about 1000 C C, without further electrical heating. After 
a time, varying from one to two days depending upon the amount of the 
charge, the reaction is complete, and the calcium carbide is obtained as a 
black powder. This is sprayed with water to decompose any unchanged 
carbide and slake any residual lime. 

CaC 2 + 2H 2 0 = Ca(OH) 2 + C 2 H 2 f 

acetylene 

Calcium cyanamide is used extensively as a nitrogenous fertilizer. 
Smaller quantities are used to prepare sodium cyanides and ferrocyanides 
by reactions, such as— 

CaCN 2 + 2NaCl 4- C-^->CaCI 2 + 2NaCN 
6NaCN -f FeS0 4 4- CaCl 2 4- 2H 2 0 CaS0 4 .2H 2 0 4- Na 4 [Fe(CN) 6 ] 

4- 2NaCl 

Free ammonia may also be obtained by treating the cyanamide with super¬ 
heated steam in closed reaction vessels, known as autoclaves 

CaCN 2 4 - 3H 2 0 = CaC0 3 4- 2NH 3 | 

“Synthetic” Ammonia (Haber Process). By far the greatest proportion 
of the world’s production of ammonia (and hence, of nitric acid and nitrates) 
is obtained by the direct combination of nitrogen and hydrogen— 

No 4- 3H 2 ^ 2NH 3 4- 25 000 cal. 

By applying Le Chatelier’s principle to this reversible reaction, it is seen 
that the equilibrium yield of ammonia should be increased— 

(a) by reducing the temperature—since the reaction is exothermic, 
(Z?) by increasing the pressure—since the reaction to produce the 
ammonia is accompanied by a reduction in volume. 

For the process to be economically successful, however, a third factor 
must be considered, namely, the time required for the reaction to reach 
the equilibrium state. Lowering the temperature increases the equilibrium 
yield of ammonia but also considerably increases the time required to 
reach this equilibrium state. The increased percentage conversion of the 
nitrogen and hydrogen to ammonia would clearly not justify this enormous 
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increase in time, unless other means to reduce this time factor can be 
found. The solution is found in the use of a suitable catalyst. 

It will be recalled that a catalyst is a substance which speeds up the rate 
of both the forward and back reactions of a reversible reaction by the 
same amount (so that the position of equilibrium is unchanged) and is 
itself chemically unchanged. The best catalyst for the process has been 
found to be metallic iron containing small amounts of both an amphoteric 
oxide such as alumina or silica and an alkaline oxide such as potassium 
oxide. Since these catalysts are rapidly poisoned, particularly by such 
substances as sulphur, arsenic and phosphorus, it is important that the 



hydrogen and nitrogen be thoroughly purified if the efficiency of the process 
is to be maintained. r 

The hydrogen is obtained by one or other of the commercial processes 
described on pp. 366-368, depending upon the locality of the plant. The 
nitrogen is obtained from the atmosphere, either by the liquefaction and 
tractional evaporation process (see p. 381), or from producer gas by 
removing the carbon monoxide and carbon dioxide. Or, the mixture of 
hydrogen and nitrogen may be prepared directly from water-gas by the 
Bosch process (see p. 367). The mixture of hydrogen and nitrogen, in 
tne ratio of three to one by volume, is then compressed in the Haber 
Process to 200 atmospheres pressure and passed over the catalyst main- 
tained at about 550 C. The exothermic nature of the reaction supplies 
sufficient heat to maintain the catalyst at this temperature, provided that 
he loss of heat is reduced to a minimum. The hot gases leaving the catalyst- 
om accordingly pass through a heat interchanger in order to preheat the 
incoming hydrogen-nitrogen mixture. As the percentage conversion to 
oma is only about 5-10 per cent, the residual gases obtained after 
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washing out the ammonia, or removing it as the liquid, are mixed with 
more hydrogen and nitrogen and again passed through the catalyst, so 
that ultimately a practically one hundred per cent conversion to ammonia 
is obtained. 

The conditions under which the process is carried out varies in different 
parts of the world. Thus, in the Claude modification , the reaction is carried 
out at about 1000 atmospheres pressure at a catalyst temperature of 
between 500 to 650°C, to give a 40 per cent conversion to ammonia. 
By using several converters in series, the yield is further increased to 
about 85 per cent. The ammonia is removed as the liquid, and the residual 
gases allowed to escape. 

The ammonia produced by these processes is very pure, and is the 
intermediate in the chief present-day process for the manufacture of 
nitric acid and nitrates. For fertilizer use, it may be converted into am¬ 
monium sulphate by the double decomposition reaction with carbon 
dioxide and calcium sulphate, described on p. 638. 


To recapitulate, the drainage of nitrogen from the soil results from the 
harvesting of crops, from the consumption of vegetable matter by animals, 
and also from the leaching action of water which dissolves the soluble 
nitrogenous compounds. These losses are partially compensated by 
bacterial fixation of nitrogen (leguminosae), by appreciable fixation of 
nitrogen during electrical storms, and by the application of nitrogenous 
fertilizers obtained either from naturally occurring nitrates (Chile salt¬ 
petre) or by one or other of the processes for fixing atmospheric nitrogen 
described in detail above. The practical success of these latter fixation 
processes has removed the fear that with the working out of the natural 
nitrate beds the flow of nitrogenous fertilizers to the soil would gradual y 
cease, with the result that the natural fertility of the soil would steadily 
decrease and less and less food-stuffs be produced. 


Compounds of Nitrogen 

Hydrides. These include the very important compound, ammonia, and 

also hydrazine and hydrazoic acid. . . 

Ammonia, NH 3 . The usual laboratory method of preparation is to 

heat a solid mixture of ammonium chloride and soda-lime (quick-lime 
slaked with sodium hydroxide solution) 

NH 4 C1 + NaOH = NaCl + NH S + H 2 Q 


Aqueous sodium hydroxide may also be used in place of the soda-lime 
but it would then be necessary to boil the solution to expel the very 
soluble ammonia. The ammonia gas is dried by passing up a tower fille 

with quick-lime and collected by downward displacement of air 

Ammonia is formed quantitatively by the reduction of nitrates an 
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nitrites with Devarda’s Alloy (Al, 45: Cu, 50: Zn, 5) and sulphuric acid. 
The ammonia reacts with the excess of acid to form ammonium sulphate 
and may be liberated as above by adding excess of sodium hydroxide and 
boiling— 

HNO 3 + 8 H = NH 3 t -I- 3H,0 

nascent 

This reduction, although rarely used as a method of producing ammonia, 
is one of the standard methods for estimating a nitrate. The ammonia 
liberated is absorbed in a known volume of standard acid, and the residual 
acid then determined by back titration. 



Fig. 202. Preparation of Ammonia 

Ammonia is liberated by the action of water on certain nitrides, such as 

those of magnesium and calcium. Boron nitride and calcium cyanamide 
both require superheated steam— 

MgaN 2 + 6H 2 0 = 3Mg(OH ) 2 + 2NH 3 f 
BN + 3H 2 0 = H 3 BO 3 + NH 3 f 

boric acid 

T 1 5 erta ' n , ammonium salts also liberate ammonia when heated strongly. 
I he principal exceptions appear to be the ammonium salts of the stronger 
0 x 1 izing acids. Thus ammonium dichromate liberates nitrogen, ammo¬ 
nium nitrate liberates nitrous oxide, and ammonium nitrite liberates 
nitrogen. 

Commercial Preparations of Ammonia. These may be divided into two 
categories, (a) by-product ammonia and (b) synthetic ammonia. 

(a) By-product Ammonia. Considerable quantities of ammonia are 
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produced in the gasification of coal (see p. 587). This ammonia is recovered 
as ammonium sulphate (“sulphate of ammonia”) either by neutralizing the 
ammoniacal liquor with sulphuric acid, or by a double decomposition 
reaction with carbon dioxide and a suspension of very fine calcium sulphate 
(in the form of gypsum)— 

2 NH 3 + co 2 + H 2 0 = (NH 4 ) 2 C 0 3 
(NH 4 ) 2 C0 3 + CaS0 4 = CaC0 3 I + (NHJgSC^ 

Formerly, an aqueous solution of ammonia, known as spirits of 
hartshorn , was obtained by distilling waste animal hides and hoofs, etc. 

(b) Synthetic Ammonia. The production 
of ammonia directly from hydrogen and 
nitrogen has already been fully described in 
connexion with the fixation of atmospheric 
nitrogen (see p. 634). This process provides 
the bulk of the world’s supplies of ammonia, 
and hence of nitric acid and nitrates. The 
manufacture of nitric acid from synthetic 
ammonia will be discussed later in connexion 
with this acid. The production of ammonia 
by treating calcium cyanamide with super 
heated steam in autoclaves is nowadays 
relatively unimportant, the bulk of the 
cyanamide being used directly as a nitro- 
Fig. 203. Fountain genous fertilizer. 

Experiment CaCN 2 + 3H 2 0 = CaC0 3 + 2NH 3 f 

Physical Properties of Ammonia. Ammonia is a colourless gas with a 
pungent odour. It is lighter than air (8*5, cf. 14-4), and is extremely 
soluble in water (1300 vol in one volume of water at°0 C and 760 mm). 
This considerable solubility is often demonstrated in the laboratory by the 
so-called “fountain experiment,” as illustrated in the accompanying 
diagram. The glass vessel is filled with dry ammonia gas and the apparatus 
arranged as shown. By gently warming the bulb and then allowing it to 
cool, a little water is drawn up the capillary tube and discharges into the 
flask. There, it immediately dissolves practically the whole of the ammonia 
gas to create a partial vacuum. The vigorous inrush of water up the capi - 
lary-tube which results, produces a fountain-like effect. 

That the solubility of ammonia gas in water does not obey Henry s 

law is due to the additional reactions which occur 

nh 3 ^ nh 3 

gas solution 

NH 3 + HoO ^ NH 4 OH ^ NH 4 + + OH- 

solution ammonium 

hydroxide 
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Henry’s Law deals only with the first equilibrium reaction however, 
and in fact calculations of the equilibrium concentration of the free am¬ 
monia molecules in solution show this to be in accordance with Henry’s 
Law. J 

The strongest solution of ammonia available commercially is known as 
“0-880 Ammonia,” the numerical prefix indicating the specific gravity 
of the solution. The higher the specific gravity the weaker the solution. 

Ammonia is easily liquefied and 
solidified (- 33-5°C and - 78°C 
respectively at ordinary pressures). 

The boiling point may however 
be raised by increasing the pres¬ 
sure; for example it boils at 
25°-26°C when the pressure is 10 
atmospheres. This fact, coupled 
with the relatively high value of 
the latent heat of evaporation— 

NH 3 -> NH 3 - 5700 cal. 

liquid gas 

accounts for its wide use in refrig¬ 
eration plant. Liquid ammonia, 
under pressure in the cooling part 
of the plant, is allowed to evap¬ 
orate through a reducing valve. 

The necessary latent heat of evap¬ 
oration is absorbed from the sur¬ 
rounding cooling coils in which 
circulates a brine solution. The 
ammonia gas is recondensed by 
passing through a compression 
pump, and the liberated heat of 

condensation passed on to a cold water cooling coil system. Heat is 
water coils d ^ br ‘ ne solution and dissipated through the 

buSo™ K rOP€rtieS Of Ammonia - Ammonia does not support com- 

t" r a Urn k ai \ rt Wil ‘> however ’ bur " with a peach coloured 
ame in an atmosphere of oxygen to form nitric oxide— 

4NH 3 + 50 2 = 4NO + 6H 2 0 

be usedTn Sh °,' Vn ! n the accorn panying diagram, may also 

the eases Thp W -^ X ^ en burmn g * n ammonia, simply by interchanging 

leL of a t a L° n w 3 "™ 0 ™ ^ a,so be camed out catalytically 
P a heated platinum wire. Once the reaction starts, the heat 
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liberated is sufficient to maintain the temperature of the platinum wire; 
by increasing the proportion of oxygen mild explosions may be produced. 
This catalytic oxidation is the basis of the large scale manufacture of 
nitric acid (see p. 660). 

When ammonia is passed over a heated easily reducible oxide, such as 
copper oxide, the following reaction occurs— 

3CuO + 2NH 3 = 3Cu + 3H 2 0 + N 2 f 

Nitrogen is also obtained when excess of ammonia reacts with chlorine, 

3C1 2 4- 2NH 3 = 6HC1 + N 2 f 



Fig. 205. Catalytic Oxidation of Ammonia 


but if the chlorine is in excess, the explosive oil, nitrogen trichloride, is 
formed— 

3C1 2 + NH 3 = NC1 3 + 3HC1 t 

In the case of iodine, the complex NH 3 . NI 3 , an insoluble brownish- 
black compound, known as nitrogen tri-iodide , is formed. It is thought 
that similar addition compounds are formed initially in the corresponding 
reactions with chlorine and ammonia, but are too unstable to be isolated. 
With ammonium salts , however, the corresponding reactions are— 

NH 4 C1 + 3C1 2 = NC1 3 4- 4HC1 
whereas, NH 4 Br 4- Br 2 -> NH 4 Br 3 

and NH 4 I 4- I 2 ~* NH 4 I 3 

Ammonia combines directly with some metals on heating under water- 
free conditions. Thus, dry ammonia over sodium metal heated to about 
300°C forms sodamide, NaNH 2 . Magnesium however forms the nitride 

2Na + 2NH 3 = 2NaNH 2 + H 2 
3Mg 4- 2NH 3 = MggN 2 4- 3H 2 
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Both sodamide and magnesium nitride are immediately decomposed 
by water to reliberate ammonia gas. 

Large quantities of urea are now produced from ammonia by reaction 
with carbon dioxide. The ammonia and carbon dioxide are reacted to¬ 
gether at about 190 C under 100 atmospheres pressure to form first 
ammonium carbamate which then decomposes to form urea— 

C0 2 + 2NH 3 = NH 4 . CONH 2 - (NH^CO + H 2 0 

urea 


Urea is used extensively in the manufacture of urea-formaldehyde 
resins and plastics, and also finds application as a very rich nitrogenous 
fertilizer. 


Formula of Ammonia. This may be determined 
by Hofmann’s method, based on the reaction— 

2NH 3 + 3C1 2 = N 2 + 6HC1 

A long hard-glass tube, as shown in the diagram, is 
filled with chlorine gas and strong ammonia solution 
placed in the cup. After cooling the tube, followed 
)y opening the tap slightly, ammonia enters drop 
by drop, and white fumes of ammonium chloride 
form. After adding sufficient ammonia, the tap is 
closed, and the tube inverted in a cylinder of water. 
The tap is again opened so that water is drawn into 
the tube. It will be found on equalizing the pressure 
to atmospheric, and allowing the temperature to 
return to its initial value, that the residual insoluble 

gas occupies one-third the volume of the tube. This 
gas is nitrogen. 

Thus, 

3 volumes of Cl 2 -f ammonia 1 volume of N 2 



Fig. 206. 

Hofmann’s Apparatus 
for Demonstrating the 
Formula of Ammonia 


The chlorine is removed as the very soluble hydrogen chloride (HC1), to 
since Wh ' Ch 006 V ° lume ° f chlorine requires one volume of hydrogen, 


H 2 + Cl 2 = 2HC1 

The three volumes of chlorine therefore obtain three volumes of hydrogen 
trom the ammonia, so liberating one volume of nitrogen. 

Ammonia -*■ 3 volumes H 2 + 1 volume N 2 

Applying Avogadro’s hypothesis, it follows that the formula of am¬ 
monia is either NH 3 , or some simple multiple, such as N 2 H 0 , etc. We sav 
that the empirical formula of ammonia is NH 3 . To find the molecular 
mula, it is necessary to know the molecular weight, and this is obtained 
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from the vapour density 8-5. The molecular weight of 17 corresponds with 
the molecular formula NH 3 . 

Alternatively, a measured volume of ammonia gas is confined over 
mercury in a eudiometer-tube. On passing electric sparks, the ammonia 
decomposes into nitrogen and hydrogen. The volume of hydrogen so 
produced is determined by adding excess oxygen and sparking to form 
water (the volume of hydrogen being two-thirds of the contraction which 
occurs at this stage), the volume of nitrogen being found subsequently by 
absorbing the excess oxygen with alkaline pyrogallol. It is found that 
two volumes of ammonia gas produce three volumes of hydrogen and one 
volume of nitrogen, whence, by Avogadro’s hypothesis— 

2N X H v = 3H 2 + N 2 


The molecular formula of ammonia is therefore NH 3 . 

Detection of Ammonia. The gas is readily detected by its characteristic 
smell. Less distinctive is its alkaline reaction to litmus. Ammonium salts 
are similarly recognized by the evolution of ammonia on boiling the salt 
with aqueous sodium hydroxide. 

In the routine analysis of domestic water supplies, it is necessary to 
test for extremely small quantities of both free and combined ammonia. 
If a positive test is obtained, it indicates that the water must at some 
stage have come into contact with decaying animal matter. The test is 
carried out colorimetrically, using Nessler's solution. The latter may be 
prepared by adding a slight excess of a solution of potassium iodide to 
one of mercuric chloride. The red precipitate of mercuric iodide, which is 
first formed, dissolves in the excess potassium iodide to give a water-clear 
solution of the complex salt, potassium mercuri-iodide, K 2 [HgIJ. This 
solution is made alkaline with sodium hydroxide to give Nessler's solution. 


2KI + HgCl 2 = 2KC1 + Hgl 2 j 
2KI + Hgl 2 = K 2 [HgIJ 


In presence of free and of combined ammonia, Nessler’s solution turns 
yellow, or brown, depending upon the ammonia concentration. 

Uses of Ammonia. The liquid or solution is used in refrigerators, and in 
the large-scale manufacture of (a) fertilizers, such as ammonium sulphate, 
ammonium nitrate and ammonium phosphate, ( b) nitric acid and nitrates, 
(c) urea, and (cl) certain other organic compounds such as aniline. 

It is used in the nitriding of steel to produce a very hard surface layer, 
and also with chlorine, in the sterilization of water supplies Consi 
able quantities are also used as a convenient source of hydrogen an 
nitrogen, which are produced by the thermal decomposition oftheam 
moni! in suitable apparatus. In this way a relativeiy inert mixture^ 
nitrogen and hydrogen suitable as a furnace atmosphere in the heat 
treatment of metals and alloys may be obtained. 
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Ammonium Hydroxide and Ammonium Salts 

The solution of ammonia in water contains a weak alkali, known as 
ammonium hydroxide— 

NH 3 + h 2 o ^ NH 4 OH ^ NH 4 + + OH- 

ammonium 

hydroxide 

When neutralized with an acid, the corresponding ammonium salts are 
formed. Thus hydrochloric acid gives ammonium chloride— 

NH 4 OH + HC1 = NH 4 C1 4- H 2 0 

The ammonium salts all contain the ammonium ion, NH 4 + , which is 
to be regarded as a univalent ion, just as is the sodium ion, Na + , etc. 
Unlike the latter, however, the ammonium ion cannot exist alone in the 
uncharged state; that is, ammonium, NH 4 , does not exist. The student 
must therefore distinguish between— 

(a) the molecule NH 3 , which exists as a definite compound, am¬ 
monia; and 

(b) the ammonium ion, NH 4 +, which occurs only in the form of salts 
or the hydroxide. 

The difference between ammonia and ammonium is briefly that am¬ 
monia is a gas having the covalent structure 


H H H H 

\ / .x o.. 


\/ 

o xo 

N , that is, 

N 

| 

xo 

H 

H 


In the absence of moisture it is neither acidic nor basic. The ammonium 

ion, on the other hand, is positively charged and cannot exist alone, 

resembling in this respect the sulphate ion, SO.", the nitrate ion’ 
N0 3 ~, etc. 

The changes involved in the conversion of ammonia into the ammonium 
ion result from the presence of a “lone pair” of electrons (shown within 
the dotted line) on the nitrogen atom, 




X o 



X o 


X 

X 



It will be observed that in the electronic structure of ammonia, the central 
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nitrogen atom has acquired its full complement or octet of electrons. It is 
possible however, for the nitrogen to attach another atom by means of 
its “lone pair” of electrons, thus 

H 

X o oo 

H o N x O g 

x o oo 

H 

Although this particular compound does not exist, its organic counterpart 
tri-methylamine oxide does, (CH^N -» O (see p. 950). 

The ammonium ion may similarly be regarded as the product of the 
addition of a hydrogen ion to ammonia NH 3 + H + (NH 4 ) + , the latter 
having the electronic structure 



The electrons depicted as “x” and “o” are of course identical, so 
that the four hydrogen atoms are indistinguishable from one another 
and the positive charge is regarded as associated with the ion as a 
whole. 

The fact that ammonium hydroxide is a weak alkali implies that 
appreciable association of the NH 4 + and OH" ions occurs to form the 
un-ionized covalent ammonium hydroxide, the structure of which is 
presumably 

H 

I 

H—N-H—OH 

I 

H 

involving the formation of a hydrogen bond between the nitrogen and 
hydroxyl groups. If, however, the hydrogen atoms of the ammonium ion 
are progressively replaced by alkyl groups such as CH 3 the resulting 
compounds become increasingly more basic and it is noteworthy that 
when all the hydrogen atoms have been replaced in this way, to form 
for example tetra-methyl ammonium hydroxide, a very considerable 
increase in the alkalinity occurs. This presumably results from the 
remote possibility of a hydrogen bond between the hydrogen atom of a 
methyl group and the hydroxyl group, so that the compound is in ac 
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completely ionized and is a strong alkali, like sodium hydroxide, 
pare— 


CH 


ch 3 

ch 3 ' 

N-H—OH 

CH 3 —N—CH 3 

ch 3 

ch 3 . 


+ 


OH- 


(moderatcly strong base) 


(very stong base) 


Com 


Like the alkalis, ammonium hydroxide will precipitate insoluble 

hydroxides, such as ferrous hydroxide, etc., but in the case of copper salts 

the precipitate of cupric hydroxide which is first formed dissolves in 

excess of the ammonium hydroxide to form a deep-blue solution of 
cuprammonium hydroxide— 


Cu(OH) 2 + 4NH 4 OH = [Cu(NH3) 4 ](OH) 2 + 4H 2 0 

Solutions of cuprammonium hydroxide will dissolve cellulose (filter- 
paper, cotton wool, etc.) to form a viscous solution which reprecipitates 
the cellulose when it is acidified. This sequence of reactions was formerly 
used in the manufacture of artificial silk, and may be demonstrated in 
the laboratory by forcing such a solution from a small jet into a trough 
ol sulphuric acid to neutralize the ammonia. The cellulose is reprecipitated 
in the form of a long continuous thread. 

The structure of the ammines of which the cuprammonium salts are 
but one example of many, involve the linkage of the ammonia molecule 
directly to the central metallic atom, the lone pair of electrons of the 
nitrogen forming a co-ordinate linkage. 


NH 3 

I 

H 3 N^Cu«-NH 3 

t 

nh 3 




f,7“ ° p f pc , 1S abl ® t0 co-ordinate four molecules of ammonia in this way, 

‘Vn c " d h r 3 C °-? rdlnat,on Number of four. The hydrates of copper 
alts are similar, and CuS0 4 .5H 2 0 is now known to have the structure— 


HoO 


OH 2 

I 

Cu«-OH 

t 

oh 2 


++ 


SO.— + H,0 


in which the fifth water molecule is not co-ordinated to the copper ion but 
sulphate JSfSSS “H*' 
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Other examples of ammines include the well known cobalt-ammines 
and platinum ammines, etc. 

The close similarity in structure between the ammines and the crystalline 
hydrates is due to the fact that both ammonia and water molecules 
possess a lone pair of electrons and so can add on in the molecular form 
by means of co-ordinate linkages. Analagous to the hydrates of calcium 
chloride are the solid ammines such as CaCl 2 . 8NH 3 , formed when am¬ 
monia is passed over calcium chloride. For this reason calcium chloride 
cannot be used to dry ammonia gas. 

Ammonium Salts. These are all soluble, with the exception of the per¬ 
chlorate, chloroplatinate and cobaltinitrite, and decompose or volatilize 
on heating. When heated with alkalis, ammonia is liberated. The salts 
show a closer resemblance in solubility, etc., to the corresponding potassium 
salts than to the sodium salts, and this is due to the greater similarity in 
their ionic radii, thus— 

NH 4 + = T43 A, K + = T33 A, Na+ = 0-98 A 

Ammonium Chloride, NH 4 CI. This is obtained as a white solid on 
evaporating the solution obtained by neutralizing ammonia with hydro¬ 
chloric acid. It is purified by sublimation; the ammonium chloride 
dissociates into the gases ammonia and hydrogen chloride which subse¬ 
quently recombine at lower temperatures to reform pure ammonium 
chloride. 


NH.,C1 NH 3 + HC1 c °°' ^ NH 4 C1 


Note, that the term “dissociation” implies that the change is reversible; 
when it is irreversible, it is called “decomposition”—for example, the 
decomposition of ammonium nitrite on heating. 

Ammonium Sulphate is an important fertilizer, the manufacture of which 
has already been described on p. 638. 

Ammonium Nitrate, NH 4 N0 3 , is a very valuable nitrogenous fertilizer. 
In times of war its explosive properties are recognized, and it is used in the 
Amatols as a diluent of T.N.T. The discovery that ammonium nitrate 
could safely be mixed with T.N.T. to produce an explosive almost as 
powerful as 100 per cent T.N.T. was made during the First World War 
at a time when T.N.T. supplies were becoming short. The Baratols, 
similarly, consist of mixtures of T.N.T. and barium nitrate. Ammonium 
nitrate exists in five polymorphic forms, and is thus a good example of 
polymorphism. The various forms and corresponding transition tempera¬ 
tures are— 


Tetragonal ^ 


— 17°C , 32-1 °C 


Rhombic I 


Rhombic II 


Rhombohedral ^=- 125 2 Cubic 
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Hydrazine, N 2 H 4 (or, H 2 N—NH 2 ). When a strong solution of ammonia 
is boiled with a freshly made sodium hypochlorite solution in the presence 
of a little glue, the following reactions occur— 

NH 3 + NaOCl = NH,C1 + NaOH 
NH 3 + NH,C1 = NH 2 . NH 2 -f HC1 | 

The glue helps to prevent any appreciable formation of compounds such 
as NHC1 2 and NC1 3 . If the solution is cooled and acidified with dilute sul¬ 
phuric acid, colourless crystals of hydrazine sulphate, N,H 4 . H,SO„ are 
obtained. 

If hydrazine sulphate is distilled under reduced pressure with a strong 

alkali, a colourless fuming liquid, known as hydrazine hydrate , N 2 H 4 . H 2 0, 

is obtained. Reducing the pressure lowers the boiling point, and the 

practice of distilling under reduced pressure is usual when the compound 

tends to decompose at its normal boiling point under atmospheric 

pressure. Hydrazine hydrate boils with decomposition at 119°C, but 

under 26 mm pressure for example it boils at 47°C without much 
decomposition. 

Anhydrous hydrazine may be prepared by distilling the mono-hydrate 
with barium oxide— 


N 2 H 4 . H,0 -f BaO = Ba(OH), 4- N 2 H 4 

Hydrazine is a very weak diacidic base and forms two series of salts 
N H 4 . HC1 and N H 4 . 2HCI; (N 2 H 4 ) 2 . H 2 S0 4 and N 2 H,. H,SO„ Both 
hydnmne and its salts are very powerful reducing agents. They precipitate 
gold, si ver and platinum from solutions of their salts, cuprous oxide 
from alkaline cupric solutions, and reduce ferric iron solutions, iodates 

msolmion 0 - 116 ' ^ l3tter reaCti0n ma y be used to estimate hydrazine 

N 2 H 4 + 2I 2 = N 2 + 4HI 

Hydrazoic Acid, HN 3 . When dry ammonia is passed over heated 
sodium, the compound sodamide is formed. If the latter is heated at 190°C 
in a current of nitrous oxide, sodium azide is obtained— 

NaNH 2 + N,0 = NaN 3 + H 2 0 

acid > a colourless liquid, boiling point 37 c C, may be prepared 
by distilling sodium azide with dilute sulphuric acid— ^ P 

NaN 3 + H 2 S0 4 = NaHS0 4 + HN 3 

B has an unpleasant smell and is very explosive and poisonous. 

The solution behaves like a typical acid, liberating hydrogen with 
metals such as iron and zinc and forms salts, known as afidel. The azides 
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appear to fall into two categories, (a) dangerously explosive and ( b ) 
moderately stable. The former include the azides of the heavy metals, 
such as lead azide, PbCN^ and are thought to have the non-ionized 
covalent structure based on the resonance forms (see p. 73) of the 
un-ionized hydrazoic acid— 

H—N=Ni±N ^ H—N«-N=N 


So sensitive are these azides, that extremely small quantities are used 
to initiate on percussion the detonation of bulk explosives such as C.E. 
and T.N.T. in bombs, etc. The second class include the azides of the 
alkalis and alkaline-earth metals. These are ionic, the azide ion being a 
resonance hybrid of the two structures— 

[N=N->N]~ ^ [N = Nz±N]“ 

Hydroxylamine, NH 2 OH. Hydroxylamine may be prepared by the 
reduction of nitric acid either electrolytically using a pure mercury or 
amalgamated metal cathode, or by the action of tin and hydrochloric 
acid. In the latter method, stannous chloride is formed and precipitated 
as stannous sulphide by diluting the solution and passing in sulphuretted 
hydrogen. The solution is then concentrated by evaporation to give 
hydroxylamine hydrochloride, NH 2 OH . HC1. The latter, when distilled 
under reduced pressure with sodium methoxide in methyl alcohol solution, 
produces anhydrous hydroxylamine. This is a colourless solid, melting at 
33°C, and easily decomposed to liberate ammonia and nitrogen— 

3NH 2 OH = NH 3 t + N 2 t + 3H 2 0 


Hydroxylamine is a weak base and forms salts such as hydroxylamine 
hydrochloride, (NH 3 OH)Cl, analogous in formula to ammonium chloride, 
NH 4 C1. Both the base and its salts are powerful reducing agents, precipita¬ 
ting cuprous oxide from alkaline cupric solutions, metallic gold from auric 
chloride, AuCl 3 solution, and reducing ferric iron solutions. 

Both hydroxylamine and hydrazine condense with the organic com¬ 
pounds known as aldehydes and ketones, which contain the carbonyl 


group— 



O + H 2 


o + h 2 


N- 

-OH - 

>\c=N 

N- 

-nh 2 - 

*\c=N 


OH + H 2 0 

nh 2 + h 2 o 


to form compounds known respectively as oximes and hydrazones. These 
are solid crystalline compounds and are often prepared in order to 
identify or purify the parent aldehyde or ketone (see p. 910). 
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Oxides and Oxy-acids of Nitrogen 

Oxides Acids 

Nitrous oxide, N 2 0 Hyponitrous acid, H 2 N 2 0 2 

Nitric oxide, NO 

Nitrous anhydride, N 2 0 3 -^Nitrous acid, HN0 2 

Nitrogen peroxide, NO.,, N 2 0 4 ^ 

Nitric anhydride, N 2 0 5 ->Nitric acid, HN0 3 

Nitrogen trioxide, NO ;j 

The oxides are all endothermic compounds, that is, they are formed 
from nitrogen and oxygen with an absorption of heat. When they are 



decomposed, therefore, they liberate heat, and this promotes further 

rota-? m,y b ' arrange<1 " a PP™“" °"to »f increasing 

{n 2 o 3 , no 3 , n 2 o 5 } < n 2 o < no 2 < NO 

is to Iib ‘ r,,e " i,r ° E ' n when pas!ed ° ver 


Cu + N„0 = CuO 


N 2 t 


forrmdae * reaCti ° n ^ ^ USed in establishin g ‘heir respective molecular 


NH 4 N0 3 = NjO t + 2H,0 t 
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The nitrate first melts, and then begins to decompose as above. The 
reaction is exothermic and may proceed explosively if heated too strongly. 
The gas may be purified, from nitric oxide via a solution of ferrous sulphate, 
from chlorine (introduced by ammonium chloride impurity) and acid 
gases via strong sodium hydroxide solution and, after drying by bubbling 
through concentrated sulphuric acid, may be collected over mercury. 

Pure nitrous oxide may be prepared directly by the irreversible decom¬ 
position of hyponitrous acid on heating— 

h 2 n 2 o 2 -> h 2 o + n 2 o 


The hyponitrous acid is prepared in situ by mixing equimolecular 
quantities of sodium nitrite and hydroxylamine hydrochloride— 


HO—N 


h 2 + o 

t 

h* 

nL* 

o 

z 

II 

1 

H-.-O—N = N- 

i 

• 

i 

-OH 


(NoO + H 2 0) 


Properties of Nitrous Oxide. A colourless gas with a sweetish odour, it 
may be liquefied at — 90°C, and is appreciably soluble in water (1:1 at 
about 6°C). The solution in water is neutral, so that the reaction whereby 
it is produced by the decomposition of hyponitrous acid is not reversible, 
and nitrous oxide is not the true anhydride of this acid. 

Nitrous oxide was one of the earliest anaesthetics to be used, and is 

still used, particularly in dental surgery. 

The chemical behaviour of the gas appears to be related to the ease with 

which it dissociates into nitrogen and oxygen on heating— 

2N 2 0 ^ 2N 2 + 0 2 + 41 000 cal. 


Thus, like oxygen, it will relight a glowing splint, and support the combus¬ 
tion of burning magnesium, sodium, phosphorus, sulphur, carbon, etc. 
It may be distinguished from oxygen however by such differences as— 
(a) Oxygen is absorbed by alkaline pyrogallol (the latter turning deep 

brown); nitrous oxide is not absorbed. . 

(/?) Oxygen gives brown fumes when mixed with nitric oxide; mtrou 

oxide does not. . . 

(c) No change in volume occurs when phosphorus is allowed to 

in nitrous oxide; but when phosphorus burns in oxygen the volum 
decreases continuously during the reaction. 

5N 2 0 + 2P = P 2 0 5 + 5N 2 


(d) Nitrous oxide has a faint smell and is heavier than oxygen (22 cf 16). 
Formula of Nitrous Oxide. The formation of nitrogen and °*yg 
nitrous oxide is heated shows that only these two elements are present 
vapour density of 22 gives the molecular weight as 
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molecular formula N 2 0. Since, however, the molecular weight of 44 is 
so close to that for the molecule NO* namely 46, the formula derived 
above may be confirmed by heating an iron wire or copper turnings in the 
gas. It is observed that— 

1 volume of nitrous oxide -> 1 volume of nitrogen 

Therefore, by Avogadro’s hypothesis, N*O y -> N 2 , and the formula 

is N 2 0„. The molecular weight of 44 now indicates y to be 1, and the 
true molecular formula to be N 2 0. 

Structure. Nitrous oxide appears to be a resonance hybrid of— 

N^=N = 0 and N=N^-0 

Nitric Oxide, NO. Nitric oxide is readily prepared by the action of nitric 
acid diluted with an equal volume of water on copper turnings. 

3Cu + 8HNO.J = 3 Cu(NO ;} ) 2 -f 2NO f + 4H>0 

It may be collected over water in the usual way, or may be purified by 
absorbing it in a strong solution of ferrous sulphate, when a brown 
nitroso-complex, FeS0 4 . NO, forms, and the other gases pass on. The 
nitric oxide is then reliberated on heating this solution. 

Pure nitric oxide may be prepared by the same sequence of reactions 

as occur in the “brown-ring” test for nitrates. A solution of ferrous 

sulphate and a nitrate is treated with concentrated sulphuric acid and mixed 

The ferrous sulphate is oxidized by the nitric acid formed from the nitrate 

and nitric oxide is liberated. The solution turns brown due to the forma- 

ion of the FeSO„. NO complex, but the heat of the reaction is sufficient 
to decompose this and liberate free nitric oxide— 

2FeS0 4 + H 2 S0 4 + O = Fe 2 (S0 4 ) 3 + H a O . . (j) 

2HN0 3 = 2NO + H 2 0 + 30 . . (ii) 

d™reaction-^ 0 equations is obta,ncd ‘he following equation for 

6FeSO_, : 3H 2 S0 4 + 2NH0 3 = 3Fe 2 (S0 4 ) 3 + 4H 2 0 + 2NO f 

andViMter SenCe ° f me J rCUry and con centrated sulphuric acid, nitrates 
so p odS C S“ ’“"“"'T'j; volume“f 

Stratton- 6 ° f ,he ort E' nal Of nitrUe con- 


6Hg + 2HN0 3 + 3H 2 S0 4 = 3Hg 2 S0 4 + 2NO 
2Hg + 2HN0 2 + H 2 S0 4 = Hg 2 S0 4 + 2NO f 


A 


-f— 


- 4H 2 0 
2H 2 0 


- , 150 ? CMd°L^Khfiec?a| de ' 160 ? C 56 Ut 

DUL - 11 1S s "ghtly soluble in water, but is 
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very soluble in solutions of ferrous salts with which it forms brown 
nitroso-complexes such as FeS0 4 . NO. 

Nitric oxide also combines directly with oxygen, for example, when 
exposed to the air, to form the brown gas, nitrogen peroxide— 

2NO + 0 2 = 2N0 2 


Its odour is consequently unknown. This latter reaction was put to com¬ 
mercial account in the manufacture of nitric acid by the Arc Process; it 
also occurs in the fixation of atmospheric nitrogen during electrical 
storms, the sequence of reactions being— 

(a) N 2 + 0 2 = 2NO 

0 b ) 2NO + 0 2 = 2N0 2 

(c) 3N0 2 + H 2 0 = 2HN0 3 + NO 


The reaction (a) is both reversible and endothermic, and the equilibrium 
yield of nitric oxide increases with temperature, increasing from less than a 
half of one per cent at 1000 C to about 5 per cent at 3000°C. Both the 
forward and reverse reactions occur increasingly slowly with reduction 
in temperature, being very slow about 1000°C. Below this temperature, 
therefore, nitric oxide is relatively stable, and very little decomposition 
into nitrogen and oxygen occurs. For this reason, nitric oxide does not 
support the combustion of burning sulphur or of glowing charcoal, although 
it will support that of magnesium, phosphorus and sodium, owing to the 
higher temperatures produced. Nitric oxide is in fact the most stable of the 

oxides of nitrogen. 

When a gas-jar of nitric oxide is shaken with a little carbon disulphide, 
and a light applied, a brilliant blue flash is produced and a deposit of 
sulphur formed on the sides of the jar. The flash is very rich in ultra-violet 
radiation, and was formerly used as a flash-light for photographic pur¬ 
poses. The experiment should not be carried out too frequently as ultra¬ 
violet radiation damages the eyes. The precise nature of the reactions 

involved are obscure. 

Nitric oxide combines directly with chlorine in presence of charcoal to 
form nitrosyl chloride, NOC1— 

2NO + Cl, = 2NOC1 


The addition reaction of nitric oxide with solutions of ferrous salts to 
form complex nitrosyl compounds also occurs with the carbonyl com¬ 
pounds of iron and cobalt to form volatile red liquids, such as Fe(CO) 2 (NO) 2 
and Co(CO) 3 (NO), known as nitrosyl carbonyls. Nitric oxide is also 
absorbed by alkaline solutions of sulphites to form, in the case of potassium 
sulphite, the compound K 2 S0 3 .2NO. With acids the latter is decomposed 

to liberate nitrous oxide quantitatively— 

K 2 S0 3 .2NO = K 2 S0 4 4- N 2 0 f 
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and when reduced, for example by means of sodium amalgam and water, 
produces small quantities of hydrazine, N 2 H 4 . 

Formula of Nitric Oxide. The fact that nitric oxide combines immedi¬ 
ately with oxygen at ordinary temperatures makes the determination of its 
vapour density one of some difficulty. This difficulty may be avoided 
by determining the molecular formula as follows. 

(a) A measured volume of the gas is decomposed by an electrically 
heated iron wire, and the volume of nitrogen measured. 

Two volumes of nitric oxide one volume of nitrogen 

whence, by Avogadro’s hypothesis— 

2N,.O y -> N 2 

Thus, x = 1, and the formula is NO^ 

• 

(b) A measured volume of the gas is decomposed into nitrogen and 
carbon dioxide on strongly heating charcoal in the gas, and the volume 
of carbon dioxide determined by measuring the change in volume on 
adding a little strong alkali. 

Two volumes of nitric oxide -> one volume of carbon dioxide 
whence, by Avogadro’s hypothesis— 

2NO y C0 2 

Thus, y = 1, and the molecular formula is NO. 

Electronic Structure. Nitric Oxide appears to be a resonance hybrid 
of the two structures— 

(a) N=0 and ( b ) N±=0 

For a full discussion of the structure of the oxides of nitrogen see 
p. 656. 

Nitrous Anhydride, N 2 0 3 . In the vapour phase, the gas is almost 
completely dissociated into nitric oxide and nitrogen peroxide— 

n 2 o 3 = no + no 2 

It exists however in the liquid phase and probably also in the solid phase 
and is blue in colour. r ’ 

If arsenious oxide is distilled with 60 per cent nitric acid and the gases 

condensed in a freezing mixture in the absence of air, the pale blue liquid 
N 2 0 3 is obtained— n 

As 2 0 3 + 2HN0 3 = As 2 0 5 + NO t + N0 2 f + H 2 0 
NO + N0 2 = N 2 0 3 

If a solution of a nitrite is acidified in the cold, a pale blue solution is 
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obtained. The colour is due to the formation of free N 2 O s by decomposi¬ 
tion of the nitrous acid— 

NaN0 3 + HC1 = NaCl + HN0 2 (+ O) 

2HN0 2 = H 2 0 + N 2 0 3 

Nitrogen Peroxide, NO s and N 2 0 4 . The usual laboratory method of 
preparation is to heat lead nitrate crystals in a hard-glass tube and con¬ 
dense the nitrogen peroxide in a U-tube immersed in a freezing mixture 
of ice and water. 

2Pb(N0 3 ) 2 = 2PbO + 4N0 2 f + 0 2 f 



Fig. 208. Preparation of Nitrogen Peroxide 


Nitrogen peroxide is also obtained as a result of the action of concen¬ 
trated nitric acid on copper turnings— 

Cu + 4HN0 3 = Cu(N0 3 ) 2 4- 2N0 2 f + 2H 2 0 

Nitrogen peroxide is also formed by the direct combination of nitric 
oxide and oxygen at ordinary temperatures. 

Properties of Nitrogen Peroxide. Nitrogen peroxide may be liquefied 
at 22°C and solidified at — 10 C. The solid is colourless when pure, and 
the liquid a pale yellow colour. The depth of colour increases progressively 
as the temperature is increased from the melting point up to about 150 C 
when the gas is deep brown in colour. With further increase in temperature 
the depth of colour decreases, and it is completely colourless at about 
620°C. These colour changes result from the following dissociation 
reactions, and occur in reverse on cooling— 

N 2 0 4 ^ 2N0 2 ^ 2NO + 0 2 

The solid consists of the colourless “double” molecules N 2 0 4 . These 
dissociate on heating to form the brown N0 2 molecules, the dissociation 
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being complete at 150°C. Above this temperature, the N0 2 dissociates 
into the colourless oxygen and nitric oxide, the dissociation in this case 
being complete at the higher temperature of 620°C. 

The proportion of N0 2 molecules present at any temperature up to 
150 C is usually determined from the vapour density of the gas. Consider¬ 
ing the equilibrium— 

N 2 0 4 = 2N0 2 

(1 — x) 2x 

then, if a is the degree of dissociation of the N 2 0 4 molecules, the relative 

increase in the number of molecules present due to the dissociation is 
given by— 

_ Total number of molecules present 

Number of N 2 0 4 molecules (if no dissociation occurs) ^ 

By Avogadro’s hypothesis, therefore— 

Final volume with dissociation a 
Volume if no dissociation occurred ^ 


and, since the volumes for a given weight of nitrogen peroxide are inversely 
proportional to the densities, it follows that— 

Vapour density of N 2 0 4 46 

Actual vapour density d ^ 

Knowing r/, the vapour density of the nitrogen peroxide, the degree of 

dissociation, a, may then be determined. This value gives directly the 

proportion of N0 2 by weight in the gas. The proportion by volume will 
be seen to be— 


Volume of N0 2 Number of molecules of N0 2 

Total volume of N0 2 and N 2 0 4 Number of molecules of NO.> and N O. 

^ -4 

= _ 2x _ 2x 

(1 — x) + 2x ~ 1 + * 


Nitrogen peroxide dissolves in water in the cold to form nitric and 
nitrous acids, and is therefore a mixed anhydride— 

2N0 2 + h 2 o = hno 3 + hno 2 


At ordinary temperatures or higher, the nitrous acid decomposes— 

3HN0 2 = HN0 3 + 2NO + H 2 0 

becomes 6C!Uation of the reaction of nitrogen peroxide with water 


H 2 0 + 3N0 2 = 2HN0 3 + NO 
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When nitrogen peroxide is absorbed in aqueous alkalis, the correspond¬ 
ing nitrates and nitrites are formed, thus— 

2NaOH + 2N0 2 = NaNO s + NaN0 2 + H 2 0 

Nitrogen peroxide supports combustion more vigorously than nitric 
oxide but less so than nitrous oxide. Thus vigorously burning phosphorus, 
charcoal, sodium and potassium all continue to burn in the gas to liberate 
free nitrogen. 

Sulphur dioxide in presence of water is oxidized to sulphuric acid— 

H 2 S0 3 + N0 2 = H 2 S0 4 + NO 


as described in connexion with the Lead Chamber Process (see p. 751). 

Formula. The reaction of nitrogen peroxide with strongly heated 
charcoal to form carbon dioxide and nitrogen enables the empirical 
formula N0 2 to be determined, following the method outlined in con¬ 
nexion with nitric oxide. Determination of the vapour density then shows 
the gas to be composed of molecules of N0 2 and of N 2 0 4 . 

Nitric Anhydride, N 2 0 5 . Crystals of nitric anhydride may be obtained 
by passing ozonized oxygen through cooled liquid nitrogen peroxide. It 
may also be prepared by dehydrating fuming nitric acid with phosphorus 
pentoxide. The crystals are white and very hygroscopic; they decompose 
slowly at ordinary temperature and more rapidly on warming. 

2N 2 0 5 = 4N0 2 f + 0 2 f 


It is a powerful oxidizing agent and attacks rubber and cork. These 
materials should therefore be absent from any apparatus used to prepare 
and collect the oxide. 

Nitrogen Trioxide, N0 3 . This very unstable oxide is reported as having 
been prepared by passing a mixture of nitrogen peroxide and oxygen 
(1:20 by volume) at a pressure of one millimetre through a glow discharge 
in a U-shaped discharge tube. By cooling the lower portion of the dis¬ 
charge tube in liquid air, a white solid was obtained, which decompose 
above - 140°C into nitrogen peroxide and oxygen. Other workers claim 
to have obtained definite evidence of nitrogen trioxide gas by allowing 
nitrogen dioxide and ozone to vaporize together. 


Electronic Structure of the Oxides of Nitrogen 

Nitric oxide appears to be a resonance hybrid of the two structures 
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In the first of these, it will be seen that the oxygen has acquired the two 
electrons necessary to complete its outer octet of electrons but that the 
nitrogen atom is still one electron short, this deficiency being denoted by 
the superscript ' . In the second structure, in which a covalent link and a 
co-ordinate link unite the two atoms, the electron deficiency has passed 
to the oxygen atom. No other structures appear possible. 

On the resonance theory (see also p. 73) the actual structure is considered 
to be neither (a) nor ( b ), but a resonance hybrid of these. In its normal 
state, the gas is regarded as having a structure intermediate between (a) 
and (/>), in which the electron deficiency of the N— atom in (a) and of the 
O— atom in (b) are approximately balanced. Such a structure cannot 
satisfactorily be depicted by a single electronic structure, and it is customary 
to refer to it as a resonance hybrid of the two. The student should note 
particularly that the term resonance hybrid does not imply an equilibrium 
between the two forms (a) and (6), and that neither of these forms occur 
in the unactivated state of the gas. 

The results of the resonance are three-fold. The odd-electron deficiency, 
instead of being associated specifically with the N or O atoms, is instead a 
deficiency of the molecule as a whole, a conclusion which is supported 
by the fact that nitric oxide is practically non-polar (that is, it does not 
behave as a small magnet in an electric field). If the structure were actually 
either (a) or ( b) or even an equilibrium mixture of these, the gas would be 
polar. The second result is to stabilize the molecule as compared with the 
structures (a) and (b). More energy has to be supplied to dissociate the 
molecule into nitrogen and oxygen than would be the case for either of 
the non-resonance structures. The third result concerns the distance apart of 
the N and O atoms in the molecule. This distance has been measured by elec¬ 
tron diffraction technique and shown to be intermediate between the 
theoretical distances for the (a) and (b) structures. 

Nitrogen peroxide is also a resonance hybrid, the two forms being— 
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Examination of these two structures shows that the resonance structure 
representing as it does something intermediate between these, must 
etam on the N— atom a definite deficiency of one electron. This deficiency 
specifically associated with the nitrogen atom, probably accounts for— 

(i) ihe non-linear shape of the molecule, 
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(ii) the deep-brown colour of the gas, and 

(iii) the tendency to polymerize to form colourless N 2 0 4 molecules 
colourless, since each atom now has its full complement of electrons— 


0 0 

O O 

\ / 

\ / 

N 
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1 
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In the case of nitric oxide, the electron deficiency is associated neither 
with the oxygen atom nor with the nitrogen atom, and no association to 
form double molecules, N 2 0 2 , occurs. Before such association could occur, 
energy would have to be supplied to convert the resonance form into 
either N = 0 or Nl=0, and it seems probable that this energy increment 
is greater than the energy release on forming a double molecule. In other 
words, the resonance form represents a lower energy state than the hypothe¬ 
tical double molecule, N 2 0 2 . This difficulty of forcing an additional 
electron into the resonance structure probably also accounts for the 
absence of colour shown by the gas. 

Nitrous oxide is a resonance hybrid of the structures— 

N=N^O and N±=N=0 


and nitric anhydride (or, nitrogen pentoxide) of the structures— 



The results of the resonance are those already discussed briefly in connexion 
with nitric oxide, results which apply generally to all cases of resonance 

structures. 

Nitric Acid, HN0 3 

Laboratory Preparation. When concentrated sulphuric acid is added to 
a nitrate, such as potassium nitrate, the following reversible reaction 

occurs— 

kno 3 + h,so 4 ^ khso 4 + hno 3 
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If the mixture is heated, the more volatile nitric acid escapes so that the 
reaction becomes irreversible. A convenient form of apparatus in which 
to carry out this reaction and collect the nitric acid is shown in the 
accompanying diagram. The distillate is almost 100 per cent nitric acid 
but is coloured brown by dissolved nitrogen peroxide produced by the 
decomposition of some of the nitric acid. This dissolved oxide may be 
removed by blowing a current of dry air or nitrogen through the acid 
preferably at about 60°C, or by adding a little urea— 

2HN0 2 + aXNH.^ = C0 2 + 2N 2 + 3H 2 0 

It should be noted in connexion with this preparation that— 

(a) The nitric acid is almost anhydrous, due to the dehydrating action of 
the concentrated sulphuric acid. 



Fig. 209. Preparation of Nitric Acid 


reaction mUCh temperature would be required for the complete 

2 K NO :i -f- H 2 S0 4 = K 2 S0 4 + 2 UNO. 


and at such a temperature appreciable decomposition of the nitric acid 
would occur. 

(f) The liberation of the nitric acid by the action of the sulphuric acid 
does not necessarily mean that the latter is the stronger acid In the 

nr To sTr tl0n ’ “ S,mp 'y meanS that nitric acid has a lo ' ver boiling point 
(78 to 84 C as compared with 338° for sulphuric acid ) 6 P 

such" a a s C TT!T rCi i! SCa ,' e ’ n TTu dd u iS pr ° dUCed (a) from natural n > tr ates 
«T , salt ' petre; (h) b y the Arc or Birkelande-Eyde Process 

is now ,argely repIaced b y the 

enbreiv ^ Ultrk ' dC,d was formerly made almost 

entirely from sodium nitrate by reaction with concentrated sulphuric 
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acid, but nowadays the process is only carried out in areas conveniently 
connected, by sea or land, with the natural nitrate deposits. The process 
is performed in cast-iron retorts and the nitric acid condensed in cooling 
coils and collected in earthenware vessels, in a manner similar to that 
detailed in connexion with the laboratory preparation. 

NaN0 3 + H 2 S0 4 = NaHS0 4 + HN0 3 f 

The reaction is usually stopped before all the sulphuric acid has been 
converted to the bisulphate, so that a liquid residue is obtained which 
may easily be run out of the retorts. This residue of sodium bisulphate, 
containing a little sulphuric acid, is known as nitre-cake, and was formerly 
extensively used to manufacture hydrochloric acid from common salt— 

NaCl + NaHS0 4 = Na 2 S0 4 + HC1 t 


From Ammonia. The bulk of the world's supply of nitric acid is nowa¬ 
days obtained by the catalytic oxidation of ammonia, followed by solution 
of the resulting oxides of nitrogen in water. The essential reactions in the 
order in which they occur are— 

4NH 3 + 50 2 = 4NO + 6H 2 0 . . • («) 

2NO + 0 2 = 2N0 2 . • • • (W 

3N0 2 + H 2 0 = 2HN0 3 + NO . . .(c) 


The oxidation of the ammonia is carried out by passing ammonia and 
excess of air (1:10 by volume) through a multilayered very fine rhodium- 
platinum gauze pad at a temperature of approximately 750°C. The 
catalyst pad may consist of from 18 to 24 platinum-rhodium gauzes 
(10 per cent Rh) and is clamped between a nickel ring and a Nichrome 
support. The gauzes are initially moistened with dilute nitric acid and 
heated in a slow stream of the hydrogen-nitrogen mixture by allowing 
a hydrogen flame to play on the pad. The flow of gases is then increased 
fairly rapidly until the plant is running at full capacity. The reaction 
occurs very rapidly, the mean contact time being of the order ol iu 
seconds. In practice the total weight of ammonia oxidized in a given 
time is increased by compressing the gases to about 100 lb/in. pressure. 
Increasing the pressure not only increases the rate of production ot t 
nitric acid, but enables a 61-65 per cent acid to be obtained as compared 
with the 50-55 per cent acid obtained when the oxidation occurs 


The P conversion of the nitric oxide to nitrogen peroxide (r« on (i)) 
occurs relatively slowly and requires a lower temperatuie Th g 
from the catalyst chamber are therefore cooled by passmg through heat 
interchangers and water-cooled coils before passmg up ^rge-capactty, 
stainless steel, absorption towers, provided with internal cooling 
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in which the gases meet a descending spray of water. The capacity of this 
tower, or towers if several be used, is so arranged that the whole of the 
nitric oxide is ultimately converted into nitric acid— 

3N0 2 + H 2 0 -* 2HN0 3 + NO 
2NO + 0 2 -> 2N0 2 , etc. 

Concentration of Nitric Acid. When nitric acid solutions are boiled, 
the concentration increases by evaporation, until at 120-5°C/760 mm a 
68 per cent nitric acid boils unchanged. This constant boiling mixture of 


Nitric Oxide 



Circular Platinum-Rhodium 
Gauze pads - Catalyst 

yy, Raschig Rings - Filter 
Perforated plate Support 
JSca. Flannel Filters 
Perforated plate 


Ammonia 


Fig. 210. 


Catalytic Oxidation of Ammonia in the 
Manufacture of Nitric Acid 


nitric acid and water is the commercial concentrated nitric acid and has a 

rfnrn gr | aVlt . y ' ' 4 f K m ° re concentrated acid is required, for example 
con JnL/ e J 5tU fV n<dust 7> advantage is taken of the dehydrating action of 
ncentrated sulphuric acid. The concentration of the nitric acid distillate 

temnemtur P p° n r the of the sul P huri c acid and on the distillation 

temperature. Concentrated sulphuric acid is fed into the top of a dehy¬ 
drating tower into the bottom of which is introduced the68 per cent 
nitric acid and steam. The vapours evolved are progressively dehydrated 

98?! r f Pa r ? i U P‘he towers, and pass over to the condensers to form the 

tr P ac Td a The m7' ng nitriC add ’ S P' gr ' 15 > conta * ns about 95 percent 
nitric acid. The 100 per cent acid boils at 86 c C ^ 

of N u itric Acid. Nitric acid is almost completely ionized in 
solution and is, therefore, like hydrochloric acid, a very strong acid. In 
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addition to its acidic properties, it is a powerful oxidizing agent and also, 
when concentrated, a nitrating agent in organic chemistry. 

The acid decomposes on heating to liberate nitrogen peroxide and 
oxygen, and if the reaction be carried out by allowing the concentrated 
acid to drip slowly through the strongly heated stem of a church-warden 
clay-pipe, the oxygen may be collected—the nitrogen peroxide dissolving 
in the water. 


4HN0 3 = 0 2 + 4N0 2 + 2H 2 0 

The behaviour of nitric acid as an oxidizing agent is illustrated by 
such reactions as— 

3H 2 S + 2HNO a = 3S + 2NO f + 4H 2 0 
6HI + 2HN0 3 = 4H 2 0 + 3I 2 + 2NO f 


both reactions occurring with the dilute acid at ordinary temperatures. 
Sulphur, phosphorus and iodine are oxidized to their respective oxy-acids 
on boiling with concentrated nitric acid— 

S + 6HN0 3 = H 2 S0 4 + 6N0 2 f + 2H 2 0 
P + 5HN0 3 = H 3 P0 4 + 5N0 2 f + H 2 0 
1 2 + 10HNO 3 = 2HI0 3 + 10NO 2 f + 4H 2 0 


It should be noted that nitrogen peroxide is evolved when concentrated 
nitric acid is used, and nitric oxide when a weaker acid is used. This is 
due to the effect of concentration on the equilibrium position of the 

reaction— _ 

NO 4- 2HNO, ^ 3NO a + H,0 


The ability of aqua-regia (3 volumes concentrated HC1 + 1 volume 
concentrated HNO s ) to dissolve the noble metal gold is due to the oxida¬ 
tion of the hydrochloric acid to liberate chlorine which converts the go 
into auric chloride. The latter dissolves in excess of hydrochloric acid 

form the soluble chlorauric acid, HAuCf,— 


3HC1 + HN0 3 
2Au 4- 3C1 2 
AuC1 3 -f HC1 


Cl 2 + NOC1 

2AuCl 3 

HAuCl. 


2HoO 


Nitric acid will also oxidize ferrous salts to ferric salts, a re ^ :t| on which 
is the basis of the brown-ring test for nitrates and also a met o P 

P£ tf on n^ois is particulaHy mterestingjn 

view of the number of different products that may be obtained. | > 

metals not attacked by the acid are the noble metals gold,^atmum, 

rhodium, etc., although certain other metals, such as 1 
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become passive when treated with the strong acid. This passivity is 
thought to be due to the formation of an invisible, impermeable, protecting 
oxide film. The stainless steels and other chromium and nickel alloys are 
similarly not attacked by the acid, a property which accounts for their 
increasing use in the construction of nitric acid plant. 

All the other metals react with nitric acid and the products of the reaction 
appear to be determined by— 

(a) the reactivity of the metal, as determined by its position in the 
electro-chemical series (see p. 272), and 

(b) the concentration of the nitric acid. 

With the metals above hydrogen in the electro-chemical series, the 

primary reaction appears to be the liberation of nascent hydrogen which 

then reduces the nitric acid. The extent to which the nitric acid is reduced, 

as indicated by the following equations, is determined both by the speed 

of the primary reaction, that is the rate of formation of the nascent 

hydrogen, and by the number of nitric acid molecules present, that is its 
concentration. 


HN0 3 + H = H 2 0 + NO, f 
HN0 3 + 3H = 2H 2 0 + NO f 
2HN0 3 + 8H = 4H 2 0 + H 2 N 2 0 2 -+ N 2 0 f + H 2 0 
HN0 3 + 6 H = 2H 2 0 -f- NH 2 OH 
HNO 3 + 8 H = 3H 2 0 + NH 3 f 


These equations are representative of the many possible reactions that 
may occur and should not be regarded as covering all the possibilities. 
With the very reactive magnesium metal and very dilute nitric acid, the 

avaihhl^T - 1011 °l nas f 1 nt hydrogen so greatly exceeds the remaining 
available nitric acid molecules with which they might react, that the 

hydrogen escapes as a gas and may be collected. 

Mg 4 2 HN 0 3 = Mg(N0 3 ) 2 + H 2 f 

m-lin m ° re concentrated acid the balance is restored, and the 

Sclss acid To form ° W amm ° nia ’. which is however neutralized by the 
excess acid to lorm ammonium nitrate. J 

dilTte h acid Sli n h o tl frT S l r H aC,iVe metal SUCh as zinc or and hot 

ammnnh d ’ , f u hydr0gen escapes, and the main product is again 

of U» 

4Zn + IOHNO 3 = 4Zn(N0 3 ) 2 + NH 4 NO s + 3H,0 
NH 4 N 0 3 = N 2 0 t + 2H 2 0 

In general^it may be said that the more reactive the metal and the weaker 
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reSvtlh the "lore complete is the reduction, and conversely the 
reduction- * m ^ the m ° re concentrated the acid the less is the 

Most reduction 


nh 3 , nh 2 oh, n 2 o, no, no 2 

Least reduction ^ 

With the metals, such as copper, silver and mercury which are below 
y rogen in the electro-chemical series, the primary reaction is probably 
an oxidation reaction. Veley (1890) showed that a small amount of 
nitrous acid or oxides of nitrogen must be present in the nitric acid before 
these metals will react, and this suggests that the primary reaction is— 

Cu 2HN0 2 = CuO + H 2 0 + 2NO f 
or Cu + NO, = CuO + NO f 

Once started the reaction proceeds increasingly quickly due to the in¬ 
creasing temperature and to the increasing liberation of nitrogen peroxide 
by the reaction— 6 r 

NO + 2HNO a = H 2 0 + 3N0 2 f 

in which the concentrated nitric acid oxidizes the nitric oxide to nitrogen 

peroxide. The latter reacts with the copper as above. The products of the 

reaction are thus cupric nitrate, formed by reaction of the copper oxide 

with the nitric acid, and nitric oxide or nitrogen peroxide gas, depending 

upon whether the nitric acid is moderately concentrated (50 per cent) or 
concentrated— 


3Cu + 8HN0 3 = 3Cu(N0 3 ) 2 + 2NO f + 4H 2 0 
Cu + 4HN0 3 = Cu(N0 3 ) 2 + 2N0 2 t + 2H 2 0 

With the less concentrated acid, the nitric oxide liberation results mainly 
from the reaction— 


3N0 2 + H 2 0 = 2HN0 3 + NO f 

and with the concentrated acid, the liberation of nitrogen peroxide from 
the reverse reaction— 


2HN0 3 + NO = H 2 0 + 3N0 2 f 

This theory of the mode of reaction of nitric acid with the baser metals 
appears to be supported by the absence of other products of reduction, 
such as ammonia and nitrous oxide, and by the closely similar behaviour 
of the nitric oxide-nitrogen peroxide system in the manufacture of sulphuric 
acid by the Chamber Process— 

h 2 so 3 + no 2 = h 2 so 4 + no f 
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Before concluding this section on the reaction of the metals with nitric 

acid, mention should be made of the behaviour of tin. With the anhydrous 

or very concentrated nitric acid, no reaction occurs. With the ordinary 

concentrated acid, no reaction appears to occur but may suddenly after 

an appreciable interval, proceed with almost explosive violence.' The 

experiment may be carried out by pouring some concentrated nitric 

acid on to powdered tin in a small beaker. After an interval, measured in 

tens of seconds, the reaction occurs somewhat violently to produce a 

cloud, of brown nitrogen peroxide and leave a white residue of meta- 
stannic acid (Sn0 2 + H 2 0)— 


Sn + 4HN0 3 = H,Sn0 3 + 4N0 2 f + H 2 0 

With less concentrated acid the reaction occurs on heating and the products 
are stannic nitrate, which hydrolyses to metastannic acid, and nitric 
oxide. When the nitric acid is cold and very dilute, the reaction is— 

4Sn + IOHNO 3 = 4Sn(N0 3 ) 2 + 3H 2 0 + NH,NO :j 

and stannous nitrate is formed. On heating, the ammonium nitrate 
decomposes to liberate nitrous oxide. 

Formula of Nitric Acid. The non-reaction of the 100 percent acid on the 

in ° re “ iC T that U 

o 


H—O—N 




\ 


A 


o 


The conversion of benzene into nitro-benzene is typical of the nitration 
reactions, and probably occurs as follows— 




N 


\ 


O 


O 


HoO 


reactions and ^ ** ** «“ *» «*se 

(0 by removing the water formed in the reaction, and 

SiMite SSES" 11 ,he followln 6 nation 

HO . N0 2 + 2H 2 S0 4 ^ (N0 2 )+ + (H 3 0)+ + 2HSO,- 

Slt”„it”Sr» bl ?NoJ n “ ,he ni,r, ' in s a S ent is the 

The slightly less concentrated nitric acid is thought to ha.e the nitroniun. 
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nitrate structure, in which the hydrogen ion is solvated with a molecule 
or nitric acid— 

HNO a = H+ + N0 3 - 





H—O x 

H+ + H—O—NO., 


H—O x 

that is, 

H—O x 

>N = 0 
H— O' 

+ 

-- 1 

O 

II 

Z 

0 0 



The still less concentrated acid has the normal ionic structure in which 

the hydrogen ion is solvated by a molecule of water forming the usual 
hydroxonium ion 

HNO 3 + H 2 0 = (H 3 0)+ + (NO 3 )- 


Action of Heat on Nitrates 

(a) Ammonium nitrate decomposes to liberate nitrous oxide— 

NH 4 N0 3 = N 2 0 t + 2H 2 0 t 

(b) Sodium and potassium nitrates on heating liberate oxygen and form 
the nitrite— 

2NaN0 3 = 2NaN0 2 + 0 2 f 

(c) Nitrates of magnesium, zinc, copper, etc., liberate nitrogen peroxide 
and oxygen, and form the oxide of the metal— 

2Pb(N0 3 ) 2 = 2PbO + 4N0 2 f + 0 2 f 

(d) With the nitrates of the baser metals, such as mercury and silver, 
the oxide first formed decomposes to the metal— 

Hg(NO a ) 2 = Hg + 2N0 2 t + O a f 

Estimation of Nitric Acid and Nitrates. Free nitric acid may be determined 
by direct titration with a standard alkali following the normal procedure. 

Nitrates (and nitrites) may be estimated by reduction to ammonia by 
Devarda’s alloy (Cu, 50 per cent; Al, 45 per cent; Zn, 5 per cent) in alkaline 
solution. The nitrate is treated with Devarda’s alloy in presence of sodium 
hydroxide, and the liberated ammonia absorbed in standard sulphuric 
acid. The excess of sulphuric acid is then determined by back titration. 

NaN0 3 + 8H = NaOH + NH 3 f + 2H 2 0 

Small quantities of nitrates (and nitrites) may also be estimated by 
measuring the volume of nitric oxide liberated when they are treated with 
mercury an<i concentrated sulphuric acid— 

6 Hg -b 2HN0 3 + 3H 2 S0 4 = 3Hg 2 SQ 4 + 2NO f + 4H 2 Q 
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Jb^ TT r 0 ". ,S C f' m ? d 0Ut ln a Lun S e nitrometer which consists of 
a graduated cylmdrica tube, connected at its lower end with a mercury 

reservoir (the height of which may be varied so as to fill the graduated 

tube with mercury), and at its upper end, via a ground glass stop-tap 

witt a small cup through which are added the nitrate and sulphurkfacid’ 

Nitrous Acid and Nitrites. When a solution of a nitrite is acidified in the 

cold a pale blue solution is obtained. This solution may contain some 

nitrous acid, but the blue colour is almost certainly due to the decomposi- 

ti°n product of this acid, namely, nitrous anhydride N 2 O a . 

2NaN0 2 -f H 2 S0 4 = Na 2 S0 4 -f 2HN0 2 

2HN0 2 = H 2 0 + N 2 0 3 

Nitrous acid is very unstable and readily decomposes into its anhydride 
which in its turn dissociates into nitric oxide and nitrogen peroxide*^ 

acSn' h e :; r ^*e°p f ,”r ™—■*—■* £»«- 

(a) By heating the nitrates of sodium or potassium in air. 

( ) By heating the same nitrates with a little metallic lead— 

NaNO a + Pb = NaN0 2 + PbO 

(c) By distilling arseniou? oxide with nitric arid an d u- 

- -«*■ 

As 2 0 3 + 2HN0 3 = As 2 0 5 + NO f + NO, f + H 2 0 

2KOH + N0 2 + NO = 2KN0 2 + H a O 

aC If’the e ‘ r ° ! he deco . m P° sition of the nitrous acid first formed 

nitrite is acidified in presence of urea, nitrogen is liberated- 

CO(NH 2 ) 2 + 2HN0 2 = C0 2 f + 3H 2 0 + 2N 2 f 


Slution'for example,"hfthe removal TfoxiieT^f 63 -° f nitr ° gen fr0m a 

acid, and also in the determination of n d ° f nitro g en fr °m nitric 
in nitric acid, and the excess acid remnv P er ' The copper is dissolved 

Any residual oxides of nitrogen which neutralizin g- 

r rdin *' 7 " mp ™“ re 
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The reaction is carried out by adding a nitrite to acidified potassium 
iodide— 

2KN0 2 + 2KI + 2H 2 S0 4 = 2K 2 S0 4 + I 2 + 2NO f + 2H 2 0 

In all the reactions in which nitrous acid behaves as an oxidizing agent, 
nitric oxide is liberated, as indicated by the basic equation— 

2HNO., H 2 0 + 2NO + O 

The O is, of course, not liberated and should be regarded only as a measure 
of the oxidizing power of two molecules of nitrous acid. It should be noted 
that the same equations are obtained if the active oxidizing agent is 
considered to be the nitrogen peroxide liberated by decomposition of 
nitrous acid— 

2HN0 2 HoO + NO + N0 2 -> H 2 0 + 2NO + O 

Other examples of the oxidizing action of nitrous acid include the conver¬ 
sion of stannous chloride to stannic chloride, ferrous salts to ferric salts, 
sulphuretted hydrogen to sulphur and sulphurous acid to sulphuric 
acid, the latter reaction recalling the behaviour of the oxides of nitrogen 
in the Chamber Process. In all these reactions nitric oxide is liberated. 

Reducing Action of Nitrous Acid. Nitrous acid is easily oxidized to 
nitric acid— _ 

HN0 2 + o -> HNO;j 

and so may also be regarded as a reducing agent. Thus, nitrous acid is 
oxidized by acidified permanganate and dichromate solutions, bromine 
water and by chlorine water— 

5KN0 2 + 2KMn0 4 + 3H 2 S0 4 = 5KN0 3 + K 2 S0 4 + 2MnS0 4 + 3H 2 0 

HN0 2 + Br 2 + H 2 0 = HN0 3 + 2HBr 

Formula of Nitrous Acid. The very weak acidic nature of the acid 
indicates that it is mainly non-ionized, and has a covalent structure. Two 
such structures appear possible— 

H—O—N = O and H—N " 

The behaviour of the acid in certain organic reactions suggests that both 

of these structures occur in equilibrium. 

Hyponitrous Acid, H 2 N 2 0 2 . This acid is very unstable, and decomposes 

on exposure to the air to form nitric and nitrous acids 

2H 2 N 2 0 2 + 30 2 = 2HN0 2 + 2HN0 3 

The aqueous solution may be prepared by the action of hydroxylamine 
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on a nitrite in the presence of an acid. On warming, the hyponitrous acid 
decomposes to liberate nitrous oxide, N.,0_ 


H—O—N 


H. 


O j N—O—H = 


H- 


-O—N = N- 


-O—H 


N 2 0 + H„0 


PHOSPHORUS 

CkTs^fi^tion— UrS immcdiately beIow nitr °g en in Group V of the Periodic 

.Niobium Tantalum—Protoactinium 

Nitrogen—Phosphorusx 

Arsenic—Antimony—Bismuth 

It i s a non-metal and was first isolated in very small quantities by Brand of 

wM sand'Vhe ' * by Str ° ng ‘ y hea ' ,n S evaporated urine 

with sand. The name phosphorus was later suggested for the element 

because of its property of glowing in the dark, whilst the term “phosphor" 

conta1n ne nhos S nh 8en T T 1°" 3 ' 3rge C ‘ 3SS ofsubstances whkh do not 
contain phosphorus but which are also luminescent, such as commercial 

calcium and barium sulphides. Long before phosphorus wasTcovered 

however, certain natural products, such as bird dung, guano fish and 

bones were much prized as fertilizers. It is now known that the ac“e 

constituents of these natural materials contain phosphorus in the form of 

phosphates, and today considerable quantities of phosphates are manufac 

tured and used for fertilizer purposes" It was not, however un ,1 m" hat' 

n oductinn f l Ph T Ph0rUS fr ° m b0ne - ash and 50 opened the way to fh e 
production of the element and its compounds on a commercial scale 

Occurrence Phosphorus does not occur free in nature ^t is an essential 

constituent of animal and vegetable tissues, and large quantities occur 

as calcium phosphate, Ca 3 (P0 4 ) 2 , in bones. Most of fhe phosphorusTnd 

Fluorapatite, CaF 2 . 3Ca 3 (PO,) 2 
Chlorapatite, CaCl 2 . 3Ca 3 (PO,) 2 
Sombrerite, Ca./PO,) 2 
Wavellite, 2A1PO,. 2Al(OH) 3 .9H 2 0 

tESS.'ttS’ principa " yNorth Africa ’ F “ da -"» 

r°“ ss ' now 

digesting wJotSr JStSKSS SSffiaS 
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under pressure to dissolve out the valuable gelatine. The bones were then 
destructively distilled to leave a residue of bone-ash , which is mainly 
calcium phosphate. The latter was then treated with chamber sulphuric 
acid (about 65 per cent strength) to form a solution of phosphoric acid— 

Ca 3 (P0 4 ) 2 + 3H 2 S0 4 = 3CaS0 4 | + 2H 3 P0 4 

The phosphoric acid was then filtered off and partially evaporated. 
Charcoal or coke was then added and the mixture heated until the moisture 


Granulated Mixture of Calcium 
Phosphate, Sand & Coke 



Phosphorus Vapour 
+Carbon Monoxide 


Worm Peed 


Molten 

Silicate Slag 

Fig. 211. Manufacture of White Phosphorus 


content had been reduced to about 6 per cent or less, at which stage the 
phosphoric acid existed as the meta-acid— 

H 3 P0 4 — HoO = HP0 3 

ortho- mcta- 

phosphoric phosphoric 

acid acid 

The mixture was then transferred to retorts and heated to white heat, 
when the following reaction occurred with the previously added carbon 

2HP0 3 + 6C = 2P | + H 2 t + 6CO 

The phosphorus distilled over and was condensed under water. It was then 
purified by redistillation in an inert atmosphere. 
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Nowadays, phosphorus is produced in an electric furnace by a continuous 
process. The well-ground mineral phosphate is mixed with carbon and 
silica (sand), and the whole roughly granulated or sintered together 
before charging via the hopper and worm-feed into the furnace. This 
preliminary treatment ensures intimate contact between the reacting 
materials without unduly impeding the subsequent escape of phosphorus 
vapour. The furnace, shown diagrammatically on p. 670, consists of an iron 
tank lined inside with refractory bricks 

_i_ • i i •.« . J 



Cast iron vessel 
Containing white 
phosphorus 



Burning Phosphorus 
Iron Safety Tube 


and provided with two massive carbon 
electrodes. When the charge is in posi¬ 
tion, the current is switched on and 
the temperature inside the furnace 
raised to between 1200° and 1500°C. 

The following reactions occur— 

CaatPO^ + 3Si0 2 = 3CaSiO a + P 2 0 5 
P 2 0 5 + 5C = 2P f + 5CO f 

In the first of these reactions, the more 
refractory silica is regarded as displac¬ 
ing the more volatile phosphorus pent- 
oxide from its compound with calcium 
oxide. In the second reaction this 
phosphorus pentoxide is then reduced 
by the carbon to form carbon mon¬ 
oxide and liberate phosphorus. At 
the high temperature of the furnace 
the calcium silicate forms a molten 
slag which collects at the bottom and 
is periodically tapped. The phosphorus 
vapour which passes out of the furnace 
is condensed under water and the 
carbon monoxide which passes on is 

eoHecledjinci used as a gaseous fuel. The crude phosphorus is then 



Coke Furnace 

Fig. 212. Manufacture of Red 
Phosphorus 
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but this rate is increased both by increasing the temperature and by the 
presence of catalysts, such as iodine, selenium and phosphorus tribromide; 
the temperature 240°-250°C represents a practical upper limit for the 
change. The resulting red phosphorus is then freed from any residual 
white phosphorus and any oxides of phosphorus by heating with an 
aqueous solution of sodium hydroxide; the latter reacts with any remain¬ 
ing white phosphorus, but not*with red phosphorus, to form phosphine 
and sodium hypophosphite. 


Allotropy of Phosphorus 

White Phosphorus. Two forms of white phosphorus are known, the 
a-white phosphorus or ordinary white phosphorus, and the /?-white 
phosphorus, discovered by Bridgman, which is stable below — 77°C. 
These two forms of white phosphorus are enantiotropic (see p. 163) with 
a transition temperature at — 77°C. 

Violet Phosphorus (or, Hittorf’s metallic phosphorus). The so-called 
red phosphorus, prepared as above, becomes increasingly violet when 
heated to a higher temperature for long periods, and it is now generally 
considered to be a solid solution or mixture of white and violet phosphorus. 


Red Phosphorus 




white 



Table 96 


Preparation . 


A Ilotropic Forms of Phosphorus 


Crystal form 
Density 
Melting point 
Ignition tempera¬ 
ture 

Electrical conduc¬ 
tivity . 

Solubility in car¬ 
bon disulphide 


a-White 


/9-White 


By condens¬ 
ing phos¬ 
phorus va¬ 
pour under 
water 
Cubic 
1-85 
44-l°C 
30°C 
(approx.) 


Nil 


Good 


By action of 
high pres¬ 
sure on 
W.P. 

Hexagonal 

1*8 


Nil 


Violet 


Black 


By heating By high pres- 
W.P. to sure corn- 
500 0 in lead pression 
for some ( 35 000atm) 


hours 

2-3 

620°C 

260°C 

(approx.) 

Nil 

Insoluble 


of W.P. 


2-7 


Conductor 

Insoluble 
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The pure violet phosphorus may be prepared by heating a solution of 
phosphorus in lead to about 500°C for some ten hours in the absence of 
air. By subsequently dissolving away the lead with acids, the violet 
phosphorus is obtained as violet crystals. 

Black Phosphorus. This recently discovered allotropic form of phos¬ 
phorus is prepared by the action of very high pressures on white phosphorus. 
Thus Bridgman obtained it by compressing white phosphorus at ordinary 
temperature under a pressure of 35 000 atmospheres. 

The relationship between these allotropic forms of phosphorus is most 
clearly seen in the vapour pressure-temperature diagram, Fi». 213. The 
curve AB is the vapour pressure curve for the solid violet phosphorus 

and curve BC the vapour pressure curve for liquid phosphorus; violet 
phosphorus therefore melts at B 
(590°C). 

The curves GFand FEare similarly 
the vapour pressure curves for the 
/9-white phosphorus and the a-white 
phosphorus respectively, the tempera¬ 
ture of intersection of these curves 
giving the transition temperature as 
— 77°C for the enantiotropic change— 

/?-white phosphorus ^ a-white 

phosphorus 

At white phosphorus melts, and 
the vapour pressure of the liquid 
white phosphorus then follows the 

curve EX. It has been shown experimentally that this curve EX is con- 
tmuous with the curve BC, and this fact suggests that ordinary white 
phosphorus is supercooled violet phosphorus 

The curves FH, EJ and BD show the effect of increasing pressures on 
the respective changes which occur at F, £and B\ for examp § !e P the melting 

f “‘ n , ° f , vlolet Phosphorus increases slightly with increase Tn pressure At 
y igh pressures black phosphorus forms, and this changers shown in 
the upper portion of the vapour pressure digram. 8 

For practical purposes, however, it is only necessary to consider the 

r whiB pi ’“ pho ' us 

phojpw ,o P rep r„™ha 

r«d ;tsrr7;:”:.t:, hi,e ^ «»»•"*« 

point^so^thTt?hp Va ^° Ur PreSSUre CUrves d0 not intersect below ‘hemelting 
white’to red phosphorus. tranS1 “° n temperatUre for a reve ^ b Ie change of 



Temperature 


Fig. 213. Phosphorus Equilibrium 

Diagram 
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These observations show that white phosphorus is in a metastable 
state at all temperatures up to the melting point of red phosphorus, and 
that the latter is the stable form. This type of allotropy in which there is 
no transition temperature, and in which one form is always in the metastable 
state is often referred to as Monotropic Allotropy . The results of the higher 
vapour pressure and hence increased energy content of white phosphorus 
are briefly— 

(i) White phosphorus is very much more reactive than red phosphorus. 

(ii) White phosphorus has a lower density than red phosphorus. 

(iii) White phosphorus is soluble in many organic solvents whereas 
red phosphorus is not. 

(iv) The change white phosphorus -> red phosphorus will tend to occur 
spontaneously at all temperatures up to the melting point of red phos¬ 
phorus, but the speed of this change will naturally be increased by in¬ 
creasing the temperature, and by the presence of catalysts. 

Table 97 


Properties of White and Red Phosphorus 


Property 

White Phosphorus 

Red Phosphorus 

Melting point . 

44-5°C 

620°C (under pressure) 

Specific gravity . 

1-83 

2-05-2-39 

Smell . 

1 Garlic-like 

Odourless 

Solubility in— 

(a) water 

Nil 

1 Nil 

( b ) carbon disulphide . 

Soluble 

Nil 

(c) benzene . 

Slightly 

Nil 

Ignition temperature . 

30°C (approx.) 

260°C (approx.) 

Behaviour in air 

Phosphoresces 

Does not phosphoresce 

Action on chlorine 

Spontaneous reaction 

Requires heat 

Aqueous sodium hydroxide 

at ordinary temp. j 

Dissolves in the hot 

Insoluble 

General remarks . . 1 

solution to form PH 3 
and NaH 2 P0 2 

Very active and very 

Little reactivity and not 


poisonous 

poisonous 


(v) The reverse change, red phosphorus -* white phosphorus can only 
be carried out by converting the red phosphorus into the vapour and then 
condensing the vapour. This follows a natural law which in effect states 
that when a substance can exist in various states, each with di eren 
energy content, then the change of the substance in the highest energy 
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state to that having the lowest energy content occurs step-wise through the 
intermediate states. In the present instance, phosphorus vapour represents 
the highest energy state and on condensation forms white phosphorus, the 
state having the next highest energy content. 

These differences between white and red phosphorus may be sum¬ 
marized with reference to the more important properties in the table 
shown opposite. 

Because of its very low ignition temperature, white phosphorus is 
always stored under water. On no account should white phosphorus be 
handled, since it would soon ignite and produce very serious and painful 
burns, which even when properly treated require a long time to heal. The 
use of white phosphorus in various anti-personnel bombs and shells 
emphasizes the care with which white phosphorus must be treated. 


If a phosphorus burn is obtained, the affected part should be immersed first 
in a solution of copper sulphate and then any phosphorus remaining in the 
wound removed with a pair of forceps. An alkaline solution, such as sodium 
carbonate, is then used to neutralize the phosphorus acids present in the wound. 

When white phosphorus is exposed to the air in the dark it emits a 
tale greenish light and is said to phosphoresce. The phenomenon may also 

5;“* water , to wh ich a little white phosphorus has been 
added is distilled in the dark; the vapours are strongly phosphorescent. 

No simple explanation of the phenomenon has been given except that it 

is some form of oxidation reaction, in agreement with the fact that the 

phosphorus is slowly converted into one or other of its oxides. Probably 

something more complicated is involved since the glow only occurs if 

is inh7bfted 1S if be . ° W a T 131 " CntlCal P ressure ’ and even the n the reaction 
inhibited if traces of gases which destroy ozone, such as ethylene 

belowO°C d hydr ° 8en ’ 6tC -’ be P resent ’ or if the Phosphorus be much 

Other reactions of white phosphorus include— 

(a) Its ability to combine directly with many metals to form phosphides 
Thus if small quantities of sodium be cautiously warmed with p P hosp P horus 

is formed 011 Other' 5 SUdde , nly ^ 3 bri g ht flash and sodium phosphide 
Cn P .nH . 0 , u lm P? rtant phosphides include calcium phosphide 
Ca 3 P 2 , and iron phosphide, Fe,P. The sodium and calcium phosphides 
decompose with water to liberate phosphine PH, pnosph.des 

tion of" P nnJ f r l1 reduc ‘ n § properties, as illustrated by the precipita- 

ssatisau: ss, & 
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Uses of Phosphorus 

C1 $ M °f of u the P hos phorus produced is converted into the compounds 

nW^!,? hOS ?u° nC aC ‘ d ’ Vari0US Phosphates, pyrophosphates and meta- 

p osphates, the most important of which are summarized with their 
uses on p. 688. 

k Phosphorus was formerly used in the manufacture of matches 

but the high incidence of “phossy-jaw,” a disease in which the phosphorus 
attacks the jaw-bones, led to its use for this purpose being banned, and a 
p osp orus sulphide, P 4 S 3 , is used instead. The head of the match usually 
contains the sulphide, P 4 S 3 , an oxidizing agent (e.g. Mn0 2 , KCI0 3 , etc.), 
g ue, powdered glass, and a suitable dye (e.g. prussian blue, chrome yellow, 
etc.). Safety matches on the other hand contain an oxidizing agent, a fuel 
(antimony sulphide and sulphur or charcoal) but no phosphorus com- 
pound, the box usually contains red phosphorus and antimony sulphide. 

(3) White phosphorus finds considerable use in war-time in smoke 
bombs, although its use in this connexion is limited by its tendency to 
PiUai the rapid combustion of the phosphorus produces a very dense 
cloud of white smoke consisting of the pentoxide, but this cloud tends to 
rise into the atmosphere rather than spread out on the ground. It is also 

used in anti-personnel weapons, and in certain petrol and 
benzene incendiary bombs as an igniting agent. 

Formula of Phosphorus. At moderate temperatures, 
phosphorus in the solid and vapour states has the mole¬ 
cular formula P 4 in which the phosphorus atoms are 
arranged at the corners of a tetrahedron. 

At higher temperatures, above 700°C, dissociation to P 2 occurs. 



Compounds of Phosphorus 

Hydrides. Three hydrides of phosphorus are known, phosphine, PH 3 (gas), 
diphosphine, P 2 H 4 (liquid) and a less definite solid form, P 12 H 6 . 

Phosphine, PH 3 . The usual method for preparing phosphine in the 
laboratory is to boil a mixture of aqueous sodium hydroxide and white 
phosphorus, when the following reaction occurs— 

4P + 3NaOH + 3H 2 0 = 3NaH 2 P0 2 + PH 3 f 

A solution of sodium hypophosphite is formed and phosphine gas liberated. 
A suitable form of apparatus is shown in the diagram. Coal gas, or other 
inert gas, is first passed through the apparatus to displace the air, because 
the small quantities of diphosphine, P 2 H 4 , produced at the same time makes 
the phosphine spontaneously inflammable. As each bubble of the impure 
phosphine breaks the surface of the water in the trough, it burns with a 
slight explosion and flash to produce rings of white smoke consisting of 
phosphorus pentoxide. If, however, the inflammable P 2 H 4 be removed 
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by passing the impure phosphine through a tube immersed in a freezing 
mixture, the gas no longer inflames on coming into contact with the air 
since the pure phosphine is not spontaneously inflammable. 

Other methods of preparing phosphine include— 

(a) The action of water on calcium phosphide— 

Ca 3 P 2 + 6H,0 = 3Ca(OH) 2 + 2PH 3 f 

Tins reaction is put to practical use in the manufacture of various sea- 
markers designed for signalling purposes at night. The canister usually 
contains both calcium phosphide and calcium carbide. With water these 



produce impure phosphine (spontaneously inflammable) and acetylene- 
canister. 16 " 180 65 aCet y lene as il esca P es from the top of the floating 

CaC 2 + 2H 2 0 = Ca(OH) 2 + C 2 H 2 A 

on%o^ho P SS! d rPH7- Pa ” !d * 

PH 4 1 + NaOH = PH 3 t + Nal + H 2 0 

™Lm a hi°droxTd a e 11S th6 meth ° d f ° r pre P arin § ammonia by the action of 
hydroxide on an ammonium salt. The phosphonium iodide is 

distilling P hos P horus and iodine in carbon disulphide, carefully 

51 + 9P + 16H 2 0 = 5PH 4 I + 4H 3 P0 4 
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The phosphonium iodide is then separated by sublimation in an atmosphere 
of carbon dioxide. 

(c) Phosphine is liberated when the lower acids of phosphorus are 
heated. Thus when phosphorous acid is heated the oxidation of some of the 
molecules to phosphoric acid at the expense of other molecules results in 
the formation of phosphine— 

4H 3 P0 3 = PH 3 f + 3H 3 P0 4 

Properties of Phosphine. Phosphine is a colourless, very poisonous gas 
which smells like decaying fish. It is only slightly soluble in water, but 
the resulting solution is not alkaline like aqueous ammonia and decom¬ 
poses on standing to deposit red phosphorus. Phosphine burns vigorously 
in air to form phosphoric oxide, but when pure it is not spontaneously 
inflammable— 

2PH 3 + 40 2 = P 2 0 5 + 3H,0 

Phosphine is a powerful reducing agent and will precipitate copper, silver 
and gold (or their phosphides) when passed through solutions of their 
salts. 

Table 98 


Comparison of Properties of Phosphine and Ammonia 


Phosphine 


Colourless gas with a fish-like odour 

Very poisonous 

Burns in air to form phosphorus pen- 
toxide 

Very feebly soluble in water and solu 
tion is mainly neutral 

Powerful reducing agent e.g. 

CuS0 4 -* Cu 

Forms phosphonium compounds with 
difficulty, and these decompose with 
water 

P 2 H 4 , diphosphine known. It is solid 
and spontaneously inflammable 


Ammonia 


Colourless gas with a pungent (am- 
moniacal) odour 

Poisonous 

Burns in oxygen to form nitric oxide 

I 

I 

- Extremely soluble in water to form 
ammonium hydroxide 

Reducing properties only develop in 
! the hot; e.g. NH 3 passed over 
heated CuO -> Cu 

Forms ammonium salts easily and 
these dissolve in water without 
decomposition 

N 2 H 4 , hydrazine. Liquid, powerful 
reducing agent 
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Phosphonitim Compounds. The most important of these is phosphonium 
iodide, PH 4 I, the preparation of which is described above. Other phos¬ 
phonium compounds include PH 4 C1 and PH,Br, and may be prepared by 
mixing dry phosphine with dry hydrogen chloride (or HBr) under pressure. 

PH 3 + HC1 = PH 4 C1 

Since phosphorus and nitrogen occur in the same group of the Periodic 
Table, some similarity in the properties of phosphine and ammonia might 
be expected. The table on p. 678 shows the main differences and limited 
similarity between these two hydrides and their compounds. 



Fig. 215. Preparation of Phosphorus Trioxide 


Oxides and Oxy-acids of Phosphorus. The principal oxides and oxv 
acids of phosphorus are summarized in the following table— J 

° xide Acid 


Phosphorus trioxide 

p orus dioxide, P.iO s Hypophosphoric acid H,P 2 O t , 

Phosphoric oxide, or phos- [ortho-Phosphoric acid, H 3 PO., 
ohorus nentnxiH#* p n >(meta-Phosnhoric acid l-ipn 


phorus pentoxide, P 4 O 10 


meta-Phosphoric acid, HPO.j 
pyro-Phosphoric, H 4 P 2 0 7 


nhn^°h Ph0r0US °^- de 0r Phos P horus Trioxide may be prepared by burning 
shown rntheH 3 m " ed A SU , P P i y ° f ain A suita 'ole form of apparatus if 

ro h rf°?, h0rUS COntamed ln A ’ and lhe Phosphorus pentoxide which is 

°„7d i'be a r? by f V“ 

served to filter out v ™ * plu S of § lass wo °'- The latter 

pass., on and condense, solid in ,h. a J„SnS™ a 
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freezing mixture. A concentrated sulphuric acid bubbler which completes 
the train prevents moisture diffusing back from the air to the trioxide. 

Phosphorus trioxide has a garlic-like odour and is poisonous. It is a 
white solid, melting point 23 c C and boiling point 173°C. Slow oxidation 
to the pentoxide occurs on exposure to the air at ordinary temperature, 
but in warm oxygen the phosphorus trioxide may ignite. Phosphorus 
trioxide dissolves slowly in cold water to form phosphorous acid, H 3 P0 3 . 

P 4 O c + 6H 2 0 = 4H 3 P0 3 

but with hot water, phosphine and phosphoric acid are formed, due to 
the decomposition of the phosphorous acid. 

4H 3 P0 3 = PH 3 + 3H 3 P0 4 

Phosphorus Dioxide, P 4 O g . The separate existence of this oxide is now 
established. It may be obtained by heating phosphorus trioxide in a 
sealed tube at 440 D C, and when dissolved in water forms a mixture of phos¬ 
phorous and phosphoric acids 

P 4 0 8 -f 6H 2 0 = 2H 3 P0 3 + 2H 3 P0 4 

Phosphoric Oxide, or Phosphorus Pentoxide, P 4 O 10 . This oxide is 
formed when phosphorus burns in excess of dried air or oxygen. It is a 
white powder which sublimes on heating, very slowly at 50~C but more 
rapidly at higher temperatures. Its most remarkable property is its very 
great affinity for water. Thus it dissolves in water with a hissing noise 
with considerable evolution of heat to form meta-phosphoric acid— 

P 4 O 10 + 2H,0 = 4HP0 3 

With hot water, the orthophosphoric acid, H 3 P0 4 , is formed. 

P 4 O 10 + 6H 2 0 = 4H 3 P0 4 

Phosphorus pentoxide is a very effective drying agent for all gases, 
except those which are basic, such as ammonia. For this purpose, the 
pentoxide is usually shaken with dry glass beads or pieces of dry pumice, 
and the latter then charged into suitable U-tubes through which the gas 
to be dried is passed. By spreading out the pentoxide in a thin layer in 
this way its effective life is considerably increased, since its efficiency as a 
drying agent is appreciably reduced as soon as the “skin” of meta- 

phosphoric acid forms. . 

The dehydrating action of phosphorus pentoxide is also shown in its 

ability to remove the elements of w'ater from many organic and inorganic 
compounds. Examples of this reactivity occur with 

(a) Concentrated sulphuric acid— 

H 2 S0 4 - H,Q = S0 3 

sulphur 

trioxide 
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(b) Concentrated nitric acid 


2HNO, - H.,0 = NoO= 


(c) Glacial acetic acid 


nitrogen 

pentoxide 


CH,. COO 


CHo. CO 


H 


OH ; 


- H.,0 = 


(cl) Acetamide 


ch 3 . CO 
ch 3 . CO 

acetic anhydride 


o 


ch 3 . conh 2 - h 2 o = CH 3 . CN 

acetonitrile 



Structure of the Oxides. These are all based on the 

tetrahedral arrangement of the four phosphorus atoms 

found in the phosphorus molecule (see Fig. 216) 

The phosphorous oxide, P,O c , has the structure shown 

in Fig. 217, in which each P—P linkage is replaced by a 

non-linear P—O—P arrangement. The P—P inter-atomic 

distance is greater than in the P, molecule, so that 

this linkage disappears and the phosphorus retains its 
tnvalency. 

In phosphorus pentoxide, P,O I0 , the four additional oxygen atoms are 

FTi V'Sch „£ double hoods ,he phosphor,,, „,o S, 

Mg. 218. Each phosphorus atom then shows its higher valency of five. 


Fig. 216. 
Phosphorus 
Molecule 



Fig. 217. Phosphorous Oxide 


O 


ii 



li 


o 

Fig. 218. Phosphorus Pentoxide 


•re fewer ^ W 
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Hypophosphorous Acid, H 3 P0 2 . Salts of this acid are prepared when 
white phosphorus is boiled with aqueous solutions of the alkalis, as in the 
preparation of phosphine. 

4P + 3NaOH + 3H 2 0 = 3NaH 2 P0 2 + PH 3 t 

The free acid may be obtained by adding dilute sulphuric acid to a solution 
of the barium salt, filtering off the precipitated barium sulphate and 
evaporating to crystallize the hypophosphorous acid. 

Ba(H 2 P0 2 ) 2 + H 2 S0 4 = BaS0 4 i + 2H 3 P0 2 

The acid is only monobasic, so that its salts are of the type NaH 2 P0 2 . On 
heating, the acid decomposes into phosphine and phosphoric acid, a 
reaction which is shared by all the lower acids of phosphorus— 

2H 3 P0 2 = H 3 P0 4 + PH 3 f 

The acid and its salts are very powerful reducing agents, and precipitate 
many metals from their salts; with copper sulphate, the red precipitate 
is thought to be copper hydride, Cu 2 H 2 , and this reaction is often used in 
the detection of hypophosphites. 

Phosphorous Acid, H 3 P0 3 . This acid may be prepared by dissolving the 
trioxide in cold water, or more conveniently by the action of water on 
phosphorus trichloride, PC1 3 . The latter method recalls the laboratory 
method for making hydrogen bromide and hydrogen iodide —see p. 797. 

P 4 0 6 + 6H 2 0 = 4H 3 P0 3 


\/C\ 

H-i- 



P-:-Cl + 


V 


j\ci 

H-|-< 


yOW 

—OH 4 - 3HC1 
\)H 


The solid acid, m. p. 70°C, may be obtained by evaporating the solution 
until the temperature rises to 180°C, and then cooling. 

It is a weak acid, and is thought to be dibasic from the fact that most of 
its salts, the phosphites, are of the form Na 2 HP0 3 . 

A self oxidation-reduction reaction occurs on heating to form phosphine 

and ortho-phosphoric acid— 

4H 3 PO <3 = 3H 3 P0 4 + PH 3 f 

The tendency to change to orthophosphoric acid is also shown by its 
slow oxidation to this acid by the oxygen of the air, and by its power u 
reducing properties. Thus, it precipitates copper, silver and go ro 
solutions of their salts, and reduces mercuric chloride to mercuro 

chloride or to mercury— 

2HgCI 2 + H 3 PO s + H 2 0 = Hg 2 Cl 2 + H 3 PO., -f 2HCI 
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The phosphites are soluble in water and, like the acid, are powerful 
reducing agents. 

Hypophosphoric Acid, H 4 P 2 Og. This acid is formed, together with other 
phosphorous and phosphoric acids, when white phosphorus is exposed to a 
limited supply of moist air. The acid has been isolated and shown to be 
stable at ordinary temperatures, but it is hydrolyzed by the mineral acids 
to form a mixture of phosphoric and phosphorous acids 

HiP 2 O c + H 2 0 = H 3 P0 4 + H 3 PO 3 


The Phosphoric Acids 

These acids and more particularly their salts are very important. 

Three well-defined phosphoric acids are known, and these may be 
regarded as derived from the parent oxide, phosphorus pentoxide, by 
combination with various amounts of water— J 

P 4 O 10 + 2H,0 = 4HPOo 


mctaphosphoric 

acid 


P 4 O 10 + 4H.,0 = 2H 4 P 2 0 7 


P.O 


10 


pyrophosphoric 

acid 

6H 2 0 = 4H 3 P0 4 

orthophosphoric 

acid 


The true ortho-acid, P(OH) 5 or H 5 P0 5 , is not known; the description 
ortho- is therefore applied to the next acid H 3 P0 4 

Orthophosphoric Acid, H 3 P0 4 . This acid is prepared by burning white 

phosphorus in excess of air or oxygen and dissolving the resulting phos- 
phorus pentoxide in hot water. b 6 ^ 

P 4 O 10 + 6H 2 0 = 4H 3 P0 4 

The process is carried out commercially— 

% admitting air to the phosphorus vapour as it distils over from 

- C r fur " ac . e and then dissolving out the phosphorus pentoxide in a 
tower down which passes a spray of water. r 

J,VL bU T S thC WhitC P hos P horus in a separate plant and dissolving 
out the phosphorus pentoxide as in (a). S 

7 nn° ) r By heat ' ng Wditc P hos phorus with water under pressure at 600°- 
700 C in presence of a catalyst such as nickel. 

lr,.rmlm 0n 4 aC ^ u a ' S ° manufactur ed from calcium phosphate by 
treatment with sulphuric acid, as described in the first part of the now 

obsolete wet-process for phosphorus (see p. 669)- ? 

Ca 3 (P0 4 ) 2 -i- 3H 2 S0 4 = 3CaS0 4 I + 2H 3 P0 4 
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A convenient laboratory method for making orthophosphoric acid is to 
boil red phosphorus with slightly diluted nitric acid (sp. gr. 1-20-1*25). The 
reaction is best carried out in a flask provided with a reflux condenser, 
and a trace of iodine added. Copious brown fumes of nitrogen peroxide 
are evolved, and when these cease, the temperature is slowly raised to 
about 180'C to concentrate the solution. 

P + 5HN0 3 = H 3 P0 4 + 5N0 2 f + H 2 0 

Properties of Orthophosphoric Acid. Anhydrous orthophosphoric acid 
is a white solid, m. p. 42-3"C. It is available commercially as the concen¬ 
trated solution which is a colourless syrupy liquid. When heated to about 
250 C for some time, it is partially dehydrated to form pyrophosphoric 
acid, and at still higher temperatures, (about 600°C), further decomposition 
occurs to form metaphosphoric acid— 

2H 3 P0 4 = H 4 P 2 0 7 + H 2 0 
H 4 P 2 O t = 2HP0 3 + H 2 0 

Orthophosphoric acid is tribasic, and forms normal and acid phosphates, 
such as— 

Na 3 P0 4 = normal or trisodium phosphate 
Na 2 HP0 4 = disodium hydrogen phosphate 
NaH 2 P0 4 = sodium dihydrogen phosphate 

These salts may most easily be prepared by adding the appropriate amount 
of alkali to the orthophosphoric acid. Since the concentration of the 
latter solution is, however, uncertain, it may not be possible to calculate 
the respective amounts of alkali required, and it becomes necessary to 
follow a titration method based on a knowledge of the acid or alkaline 
behaviour of the different sodium phosphates in solution. 


Salt 

Behaviour in Solution 

Indicator 

NaHoPO, . 

Neutral to methyl orange but acid to phenol- 
phthalein 

Methyl Orange 

Na 2 HP0 4 . 

Neutral to phenolphthalein but alkaline to 
methyl orange 

Phenolphthalein 

(or, better, thymol 
phthalein) 

Na 3 P0 4 

Alkaline to all indicators because of its ex¬ 
tended hydrolysis | 

None suitable 
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The procedure may be illustrated for the case in which phenolphthalein 
indicator is used. 25 ml of the orthophosphoric acid solution are titrated 
against a solution of sodium hydroxide. At the point of neutrality to the 
phenolphthalein indicator, the reaction which has occured is— 

H 3 P0 4 + 2NaOH = Na 2 HP0 4 + 2H 2 0 

and the solution contains only the disodium salt, Na 2 HPO J . If Vml of the 

sodium hydroxide solution have been added at this point, then consideration 

of the following equations shows how solutions of the other sodium phosphates 
may be obtained— r r 

H 3 PO, + 3NaOH = Na 3 P0 4 + 3H 2 0 

H 3 P0 4 + NaOH = NaH 2 P0 4 + H 2 0 

Using fresh portions of the same solutions as were previously used, then— 

25 ml H 3 P0 4 + 3 V/2 ml NaOH -> solution of Na 3 P0 4 

25 ml H 3 P0 4 V ml NaOH -> solution of Na 2 HPO, 

25 ml H 3 P0 4 -f V/2 ml NaOH -> solution of NaHoPO, 

•* *1 

Trisodium phosphate, however, is only stable in the solid state, and mav fce 
obtained by evaporating the above solution to dryness. In water the following 
hydrolysis occurs, so that the solution is alkaline— 6 

Na 3 P0 4 + H 2 0 = Na 2 HPO, + NaOH 

The sodium phosphate used as a laboratory reagent is the disodium 
compound, Na 2 HP0 4 . 12H 2 0. Microcosmic salt is a mixed phosphate 
havmg the composition NaNH 4 HP0 4 .4H.O. Another well known mixed 
phosphate is the precipitate of Mg(NH 4 )P0 4 formed on adding sodium 
phosphate to an ammomacal solution of a magnesium salt 

T k he h fvy metals usually only form the insoluble normal phosphates 

such as Ag,P0 4 which is precipitated on adding any of the orthophosphates 
to a solution of a silver salt— v * 


Na 2 HP0 4 + 3AgNO ;J = Ag 3 PO., I + 2NaNO :i + HN0 3 

Action of Heat on Orthophosphates. Only the normal (or tertiary) 
orthophosphates are unchanged on heating. The primary and secondary 
orthophosphates al! lose water and form the pyrophosphates or meta¬ 
phosphates as indicated in the following equations_ 

2Na.,H P0 4 — H 2 0 = Na 4 P 2 0 7 

sodium 

pyrophosphate 

NaH 2 P0 4 - H,0 = NaP0 3 


sodium 

metaphosphate 

2Mg(NH 4 )P0 4 Mg 2 P 2 0 7 + 2NH 3 + H 2 0 

Na(NH 4 )HP0 4 = NaPO, + NH 3 + H,0 
Superphosphate is a mixture of calcium dihydrogen phosphate and 
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calcium sulphate, and is prepared by heating powdered mineral phosphate 
with Chamber sulphuric acid at about 100°C for periods up to a day— 

Ca 3 (P0 4 ) 2 + 2H 2 S0 4 = CaH 4 (P0 4 ) 2 + 2CaS0 4 

The resulting acid phosphate is more soluble than the normal calcium 
phosphate and is therefore more easily assimilated by plants. Its importance 
as a fertilizer is reflected in the statement that more than a half of the total 
world production of phosphorus compounds is in this form. It should 
also be noted that the manufacture of superphosphate consumes the 
greater portion of the sulphuric acid produced by the Chamber process. 

Pyrophosphoric Acid, H 4 P 2 0 7 . When orthophosphoric acid is heated 
for some time at about 250°C it loses water to form pyrophosphoric acid. 

2H 3 P0 4 = H 4 P 2 0 7 + H 2 0 


The reaction is reversible, occurring slowly with cold water but more 
rapidly on boiling. It is a colourless solid, of low melting point, and is tetra- 
basic, although so far only the normal and dihydrogen pyrophosphates 
have been prepared, Na 4 P 2 0 7 and Na 2 H 2 P 2 0 7 . The former of these 
is prepared, as described above, by heating the monohydrogen ortho¬ 
phosphate. 


Metaphosphoric Acid, HP0 3 . When phosphorus pentoxide is used as a 
drying agent at ordinary temperatures, it quickly hydrates to form a film 
of the deliquescent meta-phosphoric acid. Further hydration to form the 
orthophosphoric acid then occurs very much more slowly. Metaphosphoric 
acid may also be prepared from the latter acid by heating to about 

600°C— 


h 3 po 4 = hpo 3 + h 2 o 


It is a water-white deliquescent glassy solid, and is sometimes called 
glacial phosphoric acid. It combines with water, slowly in the cold, but 
more rapidly on boiling, to form orthophosphoric acid. 

The vapour density at very high temperatures corresponds to (HP0 3 ) 2 , 
but it is probable that the molecular formula at ordinary temperatures 
is (HP0 3 )„, where n indicates a higher degree of polymerization. This 
view is supported by the formation of such metaphosphates as sodium 
hexametaphosphate, (NaP0 3 ) 6 , and sodium trimetaphosphate, (NaP0 3 ) 3 . 
These metaphosphates are prepared by strongly heating the monosodium 
orthophosphate, NaH 2 P0 4 , the disodium dihydrogen pyrophosphate, 
Na 2 H 2 P 2 0 7 , or microcosmic salt, Na(NH 4 )HP0 4 , until the mass fuses. On 
rapid cooling of the melt, sodium hexametaphosphate is obtained as a 
transparent vitreous mass. If the cooling is not rapid, sodium tri-meta- 
phosphate is formed. 

Sodium Hexametaphosphate. Considerable quantities of this compound 
are now manufactured for the softening of hard water for washing purposes 
and in the treatment of water used in boilers. Its use for these purposes is 
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based on its remarkable property of dissolving even the most insoluble 
calcium compounds, so that it not only prevents the precipitation of 
calcium salts and the formation of scale, but also may dissolve existing 
deposits of calcium sulphate and carbonate previously formed in boilers, 
condenser tubes, etc. This solvating action is thought to be due to the 
formation of soluble complex salts, in which calcium enters the anion— 

Na 2 [Na 4 (P0 3 ) 6 ] + 2CaS0 4 = Na 2 [Ca 2 (P0 3 ) 6 ] + 2Na 2 S0 4 

Similar reactions probably occur with other metallic salts; thus addition 
of sodium hexametaphosphate to a solution of a ferric salt inhibits the 
formation of the characteristic red colour on adding a thiocyanate 
solution. 

Calgon is a commercial form of sodium hexametaphosphate which 
contains about ten per cent of tetrasodium pyrophosphate, Na 4 P 2 0 7 . 

Phosphate Beads. When a little microcosmic salt is heated on a platinum 
wire in a bunsen flame, it forms a colourless glass bead. When small 
quantities of oxides of certain metals are placed on the bead, and the 
heating repeated, a coloured bead may be obtained, the colour being 
indicative of the metal. Thus cobalt oxide produces a blue bead, due to 
the formation of the orthophosphate NaCoP0 4 — 

NaP0 3 + CoO = NaCoP0 4 

Reactions for Identifying Phosphates. Since all the phosphoric acids 
produce the phosphate ion, (P0 4 ) , in water, the following test for 

this ion may be used in the first place to identify the presence of a phos¬ 
phate. If a yellow precipitate (a complex ammonium phosphomolybdate) 
forms on gently warming the solution obtained on adding nitric acid and 
excess of ammonium molybdate, the presence of a phosphate is indicated 
The temperature should not exceed 40°C if the presence of an arsenate is 

also suspected, since the latter forms a similar yellow precipitate at higher 
temperatures. b 

The following reactions may then be used to identify the particular 
phosphate present— r 


Reagent 



Orthophosphate 

1 

Pyrophosphate 

1 

Metaphosphate 

Silver nitrate 

Albumen . 

Zinc acetate 

1 

Yellow ppt. 

Nil 

Nil 

White cryst. ppt. 
Nil 

White ppt. 

White gel. ppt. 
Coagulated 

Nil 



voImeSTy nati ° n ° f ph ° S P hates ma y be carricd out gravimetrically or 
Gravimetncally. The precipitate of magnesium ammonium phosphate, 
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obtained on adding magnesium sulphate (or chloride) and ammonium 
chloride to an ammoniacal solution of the phosphate, is collected in a 
weighed Gooch or sinter crucible. The latter is then heated to redness to 
convert the magnesium ammonium phosphate to magnesium pyro¬ 
phosphate and, after cooling in a desiccator, is reweighed. 

2Mg(NH 4 )P0 4 = Mg 2 P 2 0 7 + 2NH 3 + H z O 

Volumetrically. Phosphates may also be determined volumetrically by 
titration with uranyl nitrate (or acetate) in presence of ammonium acetate, 
using potassium ferrocyanide as external indicator; or by precipitating 
ammonium phosphomolybdate which is then dissolved in excess standard 
sodium hydroxide and back titrated with standard nitric acid solution. 


Compound 


Uses 


h 3 po 4 


CaH 4 (PQ 4 ) 2 


Na 2 H 2 P 2 0 7 


Na 3 P0 4 


In soft drinks, table-jellies, etc., to impart tartness; catalytic 
conversion of ethyl alcohol to ethylene; etching of metal 
surfaces prior to painting or lacquering; with oxidizing 
agents in rust-proofing and anticorrosive treatment of 
metals. 

Impure as superphosphate fertilizer; the pure compound is 
used in baking powders—it improves the ageing properties 
of bread and prevents the outbreak of the disease known 
I as “ropiness.” 

In baking powders and self-raising flours. It reacts only 
slowly with sodium bicarbonate in the cold, but rapidly at 
oven temperatures. CaHPO, is often added. 

In treatment of textiles and in water softening. It is a con¬ 
stituent of many proprietary soap powders, due to its 
alkalinity in solution and to its emulsifying action. It 
is used alone or with soda-ash, sodium metasilicate, borax, 


(NaP0 3 ) 6 


p 2 o 5 


Medicinal phos¬ 
phates 
Phosphoric 
esters 


Sodium and 
ammonium 
phosphates 


or soap. 

In water treatment for washing and boiler purposes, due to 
its ability to retain calcium and magnesium salts in solution. 
Used in laboratories for drying gases and liquids, and 
occasionally in organic synthesis as a dehydrating agent. 
These include glycerophosphates, hypophosphites, as well as 

sodium and calcium phosphates. 

Organic esters, such as tricresyl-, tributyl-, and tri-phenyl 
phosphates are liquids of high boiling points and very low 
volatility. They are used as plasticizers in the plastic and 

lacquer industries. ■ . f 

Used extensively in the treatment of wood and textiles to 

flame-proofing purposes. 
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Industrial Uses of the More Important Phosphorus Compounds. The 

Table on p. 688 gives a summary of the more important phosphorus 
compounds together with some of their principal uses. 

Structural Formulae of the Phosphorus Acids. In determining the 

structure of the phosphoric acids, consideration has to be given to the 
following points— 


(a) A hydrogen directly attached to phosphorus appears not to be 
acidic; thus phosphine, PH 3 , is very slightly alkaline, but not acidic 

(b) The acidic hydrogen atoms appear to be linked to the phosphorus 
atom through an oxygen atom, P—O—H. 

(<•) The basicity is not always equal numerically to the number of 

hydrogen atoms in the molecule; H 3 PO, is monobasic; H 3 PO., is mainlv 
dibasic; H 3 P0 4 is tribasic. J 

Consideiation of these facts suggests the following structural formulae_ 


0 

O 

OH 

t 

H—P—OH 

t 

H—P—OH 

- P—OH 

H 

OH 

OH 

Hypophosphorous acid. H s PO a 

Phosphorous acid. H 3 P0 3 

O O 

O 

O 

t t 

* 



O 

A 


HO—P—P—OH 


OH OH 

Hypophosphoric 

acid. H 4 P,O a 


HO—P—OH 
OH 

Orthophosphoric 
acid. H 3 P0 4 

HO—P—O 

I 

o 

Mctaphosphoric acid. HPO s 


HO—P—O—P—OH 


OH OH 

Pyrophosphoric 
acid, H 4 P 2 0 7 


possibly the alternative structures in which the co-ordinate 
O are each replaced by a true double bond, P=0 


Other Compounds of Phosphorus 

Bromides 


Fluorides 

PF 3 gas 
b. p. - 95°C 

PF 5 gas 
b. p. - 75°C 


Chlorides 

PC1 3 liquid 
b. p. 74°C 

PC1 5 solid 
sublimes 


PBr 3 liquid 
b. p. 174°C 

PBr 5 solid 
sublimes 


Iodides 

PI 3 solid 
m. p. 41°C 

P 2 I 4 solid 
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Phosphorus Trichloride, PCI 3 , forms when phosphorus bums in chlorine. 
The reaction is carried out by passing a current of dry chlorine over white 
phosphorus in the complete absence of moisture. The phosphorus is 
gently warmed to initiate the reaction and the phosphorus trichloride 
collected in the receiver. If the chlorine delivery tube is too far above the 
phosphorus, the pentachloride is the main product, whilst if it is too near, 
the heat of the reaction leads to some distillation of the phosphorus. 

Phosphorus trichloride is a colourless liquid, boiling point 74°C. It 



fumes in moist air due to the formation of hydrogen chloride, the hydrolysis 
occurring completely with water— 


i/Cl 

H—:-OH 

/\ 


P- : -Cl + 

H-j-OH 

\: 


SCI 

H-;-OH 


= H 3 PO 3 + 3HC1 


Phosphorus Pentachloride, PCI 5 , is formed when phosphorus burns in 
excess of chlorine. It is conveniently prepared by the action of excess of 
dry chlorine on the liquid trichloride. The reaction is carried out in the 
apparatus as shown; phosphorus trichloride is admitted drop-wise from 
the funnel into a bottle through which passes a current of dry chlorine gas. 

PC1 3 + CI 2 = PC1 5 

Phosphorus pentachloride is a pale greenish-yellow solid, which dissociates 
below 100°C when heated. If heated under pressure, however, it melts at 
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Dry Cl . 





U 


K 


V 

To Fume 
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140 -150 C. The dissociation, on heating at normal pressures, into 
phosphorous chloride and chlorine is reversible, the percentage dissociation 
increasing with increase in temperature— 

PC1 5 = PC1 3 + Cl* 

The percentage dissociation at any particular elevated temperature may 
be obtained from a determination of the vapour density, as described on 

). 31. In accordance with the law of mass action, the dissociation will 
?e repressed in an atmosphere of 
chlorine gas. 

Phosphorus pentachloride fumes in 
moist air, and reacts violently with 
water. If the amount of water is limited, 
the liquid phosphorus oxy-chloride is 
formed, but with excess water the pro¬ 
duct is orthophosphoric acid— 

PC1 5 + H 2 0 = POCl 3 + 2HC1 
POCI 3 + 3H 2 0 = H 3 P0 4 + 3HC1 

Phosphorus Oxychloride, POCl 3 , is 
prepared by carefully adding water to 
the pentachloride until the solid dis¬ 
appears. It is a colourless fuming liquid, 
b. p. 107 3 C, and distils over at this 
temperature without decomposition. 

Phosphorus Bromides and Iodides are 

prepared similarly by direct combination of the halogen with white phos¬ 
phorus. Their properties resemble those of the corresponding chlorides 
and they are all more or less rapidly hydrolyzed by water. The prepara¬ 
tion of hydrogen bromide and hydrogen iodide by hydrolysis of the 
correspondmg phosphorus trihalides has already been described (see 

p. uo2), 

nf?r P rm US , KIU ° rideS Cannot be P re P ared b y direct combination because 

f1„nrin dl ^; ultles as s° cia ted with the preparation and handling of free 
uorine. They may however be prepared by reactions such as— 

3PbF 2 + Cu 3 P 2 = 3Pb + 3Cu + 2PF S 
AsF 3 + PC1 3 = AsC1 3 + PF 3 
5AsF 3 + 3PC1 5 = 5AsC1 3 + 3PF S 

eremTtabilhv *f" tao r ide is interesting principally because of its very 
fT f b y ' V" ‘ ke , he P entachlorid e, it does not dissociate on heating^ 

of a remdartripoi I Str “ CtUre with the P h °sphorus atom at the centre 


Fig. 220. Preparation of Phos¬ 
phorus Pentachloride 



Table 99 

Comparison of Nitrogen, Phosphorus and Sulphur , and of their Components 
Nitrogen Phosphorus Sulphur 

Relatively inert colourless Reactive coloured solid. Less reactive coloured solid 


gas 

Slightly soluble in water 

Does not burn in air or 
oxygen 

No allotropes 

Does not combine directly 
with chlorine 

No reaction with cold or 
hot NaOH 

NH 3 , basic, burns only in 
oxygen, very soluble in 
water, not poisonous 

Oxides are all endothermic, 
and therefore unstable 

N 2 0 3 ,N 2 0 4 ,N 2 0 6 unstable 
acid anhydrides 

Highest acid most stable 
(HN0 3 , cf.HN0 2 ) 

Only one nitric acid 

HN0 3 some oxidizing and 
some reducing properties 

N 2 O s dissolves in water to 
give HN 0 3 

HN0 3 —a strong acid 

NHjCl with NaOH —* NH 3 

N 2 combines directly with 
some metals —> nitrides, 
e.g. Mg 3 N, 

Ca 3 N 2 with water —> NH 3 

N 2 H 4 neutral liquid 

NCI3 explosive and —> NH 3 
on hydrolysis 

NC1 5 not known 

NF 3 insoluble and unat¬ 
tacked by water or alkalis 

NF 5 not known 

All nitrates soluble 


low melting point 

Soluble in CS 2 and in¬ 
soluble in water 

Burns in air and oxygen 
Pi0 6 and P 4 O 10 

Forms allotropes (W.P., 
R.P. etc.) 

Burns in chlorine —> PC1 3 
and PC1 5 

W.P. soluble in hot NaOH 

-* ph 3 

PH 3 , feebly basic, very 
inflammable, insoluble 
in water, very poisonous 

Oxides are all exothermic, 
and therefore stable 

P 4 0 6 , P 4 Og, P 4 O 10 stable 
acid anhydrides 

Highest oxide and acid 
most stable (H 3 PO., cf. 
H3PO3) 

Several phosphoric acids 
(pyro-, meta-, ortho-) 

H 3 P0 2 and H 3 PO 3 are 
reducing agents 

P 4 O 10 enormous affinity 
for water—>HP0 3 and 
H 3 P0 4 , both weak acids 

PH,C1 with NaOH PH 3 

P, combines directly with 
most metals—► phos¬ 
phides, e.g. Ca 3 P 2 

Ca 3 P 2 with water —► PH 3 

P 2 H, spontaneously inflam¬ 
mable liquid 

PC1 3 stable and —► H 3 P0 3 
and HC 1 on hydrolysis 

PC1 5 stable, hydrolyzed by 
water 

PF 3 hydrolyzed by water 
or alkalis 1 

PF 5 very stable , not at¬ 
tacked by water or alkalis 

Most phosphates are in¬ 
soluble 


low melting point 

Soluble in CS 2 and in¬ 
soluble in water 

Burns in air and oxygen 
—> S0 2 and S0 3 

Forms allotropes (a and p S, 
etc.) 

Burns in chlorine -> S 2 C1 2 , 
SC1 2 , and SC1 4 

Soluble in hot NaOH 

H 2 S, feebly acidic, burns in 
air, soluble in water, 
very poisonous 

Oxides are exothermic (S0 2 
and S0 3 ) and are there¬ 
fore stable 

S0 2 , SO 3 stable acid an¬ 
hydrides 

Highest acid most stable 
(H 2 S0 4 , cf. H,S0 3 ) 

Several sulphuric acids 
(pyro-, normal-) 

H 2 S 2 0 4 and H 2 S0 3 are 
reducing agents 

SO 3 considerable affinity 
for water—> H 2 S0 4 and 
H 2 S 2 0 7 , both strong acids 


S 8 combines directly with 
most metals —> sulphides, 
e.g. CuS 
CaS with water —> H 2 S 


S.,Clo stable and -> H 2 S0 3 , 
"HC1 and S on hydrolysis 

SC1 2 and SC1 4 hydrolyzed 
by water 

SF 4 hydrolyzed by water or 
alkalis 

SF 6 very stable , not attacked 
by water or alkalis 

Ca, Sr, Ba sulphates in¬ 
soluble 


/ 
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Phosphorus Sulphides. White phosphorus unites explosively with 
sulphur on heating, but the reaction may be controlled if red phosphorus 
be used instead of the white phosphorus. With correct proportions, 
phosphorus pentasulphide, P 2 S 5 , may be obtained. The latter may then be 
purified by distillation from a retort through which passes a stream of an 
inert gas, such as carbon dioxide. It is a yellow solid, m. p. 290°C, 
b. p. 515°, and like the halides is hydrolyzed by water— 

P 2 S 5 4- 8H,0 = 2H 3 P0 4 + 5H 2 S f 

Other sulphides, such as P 4 S 3 (used in making matches) and P 4 S 7 may 

be prepared by heating red phosphorus and sulphur together in the correct 
proportions as indicated by their formulae. 



Tetrahedral units 
of[PCl 4 ]+ 
and 

Octrahedral units 

0 [ [ P9e]~. 

packed in an ionic 
structure resemblinq 
CsCl 


6 


• Phosphorus 
O Fluorine 


Structure of PF S 


Structure of PCI. 


Fig. 221. Structure of Phosphorus Pentafluoride and 

Phosphorus Pentachloride 

Phosphorus Compared with Nitrogen and with Sulphur 

Although phosphorus follows nitrogen in the Group V family of elements 
■ts properties are in many respects very different from those of nitrogen 
and are more closely related to those of sulphur, the adjoining Group VI 
element. The difference in properties between nitrogen and phosphorus 
recalls that many of the properties of fluorine are also different frorn those 
of its next family element, namely chlorine. In the following table an 

nho^h ' S ma " C t ° com P are and contrast the properties of nitrogen, 
phosphorus and sulphur so as to reveal these differences and similarities, 

l th , e ou . tS c 1$ S ! 10U ! d be stated that the different valencies of phos- 

formuhe 3 nfr d 5 ’ and sul P hu u r 2 ’ 4 and 6 . must produce a difference in 
formulae of compounds which may otherwise be similar in their properties. 

ARSENIC, ANTIMONY, BISMUTH 

closer^ r S esemWnL ele , mentS ’ arSeniC ’ antimon y and bismuth, show a much 
„ ® resemblance to nitrogen and to phosphorus than do the A sub- 

g oup elements, vanadium, niobium and tantulum, and they are therefore 

ppropnately discussed at this stage after phosphorus. The discussion of 
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the A sub-group elements, which are comparatively rare, is left to the 
more comprehensive textbook. 

Occurrence. The principal naturally occurring minerals containing 
these elements are the sulphides and to a lesser extent the oxides. The 
elements also occur in the free, or native states, although only in the case 
of bismuth are the deposits sufficiently concentrated to be an important 
source of the element. The most important minerals are— 

(a) Of arsenic: Realgar, As 2 S 2 ; Orpiment, As 2 S 3 ; Mispickel or Arsenical 
Pyrites , FeAsS; and Arsenolite , As 4 0 6 . Arsenic also occurs in most 
pyrites and in zinc blende. 

( b) Of antimony: Stibnite, Sb 2 S 3 (a black mineral with a metallic lustre); 
of less importance are the various oxides, such as Sb 2 0 3 (antimony bloom) 
and Sb 2 0 4 (antimony ochre). 

(c ) Of bismuth; Bismuthite , a basic bismuth carbonate; Bismuth 
glance, Bi 2 S 3 , is comparatively rare. Native deposits are the most important. 

Arsenic is obtained either as a natural product or by strongly heating 
arsenical pyrites, when the arsenic sublimes over and is collected— 

FeAsS = FeS 4- As (sublimes) t 

Considerable quantities of arsenic are recovered from the oxide sublimate 
which collects in the flues on roasting many other sulphides ores, such as 
pyrites and zinc blende. The oxide is reduced to the element by mixing 
with powdered carbon and heating in a clay crucible, provided with a 
conical iron-cap to collect the arsenic sublimate— 

As 4 0 6 + 6C = 6CO f + 4As t 

Antimony is obtained commercially by heating stibnite, Sb 2 S 3 , with 
scrap iron— 

Sb 2 S 3 + 3Fe = 2Sb + 3FeS 

The ferrous sulphide collects as a molten slag over the molten antimony, 
and so may easily be separated. The antimony is then purified from the 
easily oxidizable impurities, stich as sulphur, arsenic and lead, by remelting 
several times with small quantities of sodium nitrate. Antimony is also 
obtained from poorer sulphide ores by the following sequence of opera¬ 
tions— 

(< a ) concentration of the sulphide ores by liquation , 

(. b ) roasting the concentrated ore in air to form the oxide, Sb 2 3* 

and . 

(c) reducing the oxide by heating with carbon (the sulphide canno 

reduced directly)— 

Sb 2 0 3 4-3C = 2Sb 4- 3CO 

Bismuth is obtained similarly from sulphide ores. After concentration of 
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the ores by flotation methods, it is first roasted to the oxide, and the latter 
then reduced to the metal by heating with carbon in a reverberatory 
furnace (see p. 456). 


2Bi 2 S 3 + 90 2 = 2Bi 2 O s + 6S0 2 
Bi 2 0 3 + 3C = 2Bi + 3CO 


Bismuth is also obtained from the native deposits simply by heating and 

• • « run away from the less fusible solid 

impurities, that is, by liquation. 

Physical Properties. Arsenic, antimony and bismuth are all semi-metals, 

the metallic character increasing from arsenic to bismuth, and for this 

reason they are often referred to as metalloids. In one or other of their 

allotropic forms, they show a typically metallic lustre and conduct heat 

and electricity. They are however too brittle to be used by themselves as 

metals, but they form several important alloys with other metals (see 
“Uses”). 

Table 100 


Properties of Arsenic , Antimony and Bismuth 


Property 


Density 
Melting point 
Boiling point 

Molecule (vapour) 
Stable form appear¬ 
ance 

Electrical conductivity 
Heat conductivity 


Other allotropic forms. 


Arsenic 

I I 

Antimony 

1 

| 

4-69-5*72 

1 

6-63 

Sublimes at or¬ 

630°C ! 

dinary pres- 
! sures 

1380°C f 

As 4 

Sb 4 

Grey metallic 

White metallic 

! lustre 

lustre ; 

4 per cent of Cu 

4 per cent of Cu 

Fairly good 

Poor; Expands 
on solidifica¬ 
tion 

Yellow-As 

Yellow-Sb 

Black-As 

____1 

Black-Sb 


Bismuth 


9*78 

271°C 

1450°C 

Bi 2 

White metallic 
lustre 

1 per cent of Cu 
Bad; Expands on 
solidification 


Arsenic 


Allotropy 


(a) a-Arsenic or yellow arsenic is obtained on rapidly condensing 
arsenic vapour It resembles white phosphorus in its solubility in carbon 
d.suIph.de, ,n its relative instability and high reactivity. Y 

nn hLt' ArSenlC ° r b ' aCk arsenic is obtained as a black crystalline deposit 

disulphide and Sf °f hydrogen. It is insoluble in carbon 

uisuipmae, and at 360 C changes back to the grey form. 

a 3 (T.447) 
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(c) y-Arsenic or grey arsenic ( metallic-arsenic) is the stable form, and 
is steel-grey and metallic in appearance. Its density is 5-73, and it is 
insoluble in carbon disulphide. 

Antimony 

(a) a-Antimony or yellow antimony is produced by the active ozonized 
oxygen on liquid stibine, SbH 3 , at — 90°C. It is amorphous, slightly 
soluble in carbon disulphide, and changes above — 90°C to black antimony. 

(b) Black Antimony or explosive antimony. This is an amorphous 
black powder which is oxidized spontaneously in air, and on warming 
changes to the stable metallic antimony. 

(c) /2-Antimony or metallic antimony is the stable form. It is a silver- 
white crystalline solid with a metallic lustre, and is brittle and easily 
powdered. 

Bismuth is a reddish-white crystalline metal, density 9-80, and like 
metallic antimony is brittle and easily powdered. No other forms are 
known. 

Chemical Properties. Grey arsenic shows distinct phosphorescence when 
heated in air to about 200°C; at 400°C it burns to form the trioxide, 
As 4 O g (but not the pentoxide). Antimony and bismuth also burn when 
heated strongly in air or in oxygen, the products again being trioxides, 
although in the case of antimony, smaller amounts of the tetroxide, Sb 4 O g , 
are also formed. 

Powdered arsenic and antimony both burn spontaneously in chlorine to 
form the trichlorides, AsCl 3 and SbCl 3 (and some SbCl 5 but not AsCI 5 ); 
bismuth reacts more slowly on passing chlorine over the heated metal 
to form bismuth chloride, BiCl 3 . 

Arsenic, antimony and bismuth are unattacked by cold dilute acids, 
except in the presence of oxygen when a slow reaction occurs, probably 
due to intermediate formation of the trioxides by atmospheric oxidation. 

Reaction occurs more readily however with the oxidizing acids, such as 
nitric acid and hot concentrated sulphuric acid. Thus arsenic slowly 
oxidizes in hot dilute nitric acid to form the trioxide, but with the concen¬ 
trated acid or with aqua-regia, the product is arsenic acid— 

As + 5HN0 3 = H 3 As0 4 + H 2 0 + 5N0 2 

4H 3 As0 4 c ’ 200 ° q As 4 O 10 + 6H 2 0 

With antimony, concentrated nitric acid forms a hydrated pentoxide, 
and aqua regia dissolves the antimony to give a solution of the penta- 
chloride, SbCl 5 . Bismuth dissolves in hot dilute nitric acid to formiwsmu 
nitrate, Bi(N0 3 ) 3 , and in aqua regia to form bismuth chloride, BiU 3 . « 
concentrated sulphuric acid attacks all three elements to form As 2 u 3 , 
Sb 2 (S0 4 ) 3 and Bi 2 (S0 4 ) 3 , although an unstable sulphate is probably n 

formed in the case of arsenic. 
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Compounds of Arsenic, Antimony and Bismuth 

Hydrides. The hydrides arsine , AsH 3 , and stibine, SbH 3 , are both gases 
which decompose on heating. Bismuth was for a long time considered 
not to form a hydride, but in 1918 Paneth showed that an unstable 
volatile hydride could be prepared from radioactive isotopes of bismuth, 
and small quantities were later prepared by the action of dilute acid on 
a bismuth-magnesium alloy. It is very unstable and decomposes to liberate 
bismuth. Both arsine and stibine are prepared together with hydrogen 
when nascent hydrogen is produced in a solution of one of their salts. 
They are therefore obtained on adding zinc to a hydrochloric acid solution 
of arsenic oxide or antimony oxide, or by any other method, such as 
electrolysis, which produces nascent hydrogen in an arsenic or bismuth 
solution. The excess hydrogen may be removed by condensing the arsine 
or stibine in a suitable freezing mixture. 

Pure arsine may be prepared by the action of dilute hydrochloric acid 
on zinc arsenide, Zn 3 As 2 , the latter being obtained on heating equal 
weights of arsenic and zinc in a closed crucible, 

Zn 3 As 2 + 6HC1 = 2AsH 3 f + 3ZnCl 2 

and also by the action of water on sodium arsenide, previously prepared 
by passing impure arsine over heated sodium— 


Na 3 As + 3H 2 0 = AsH 3 f + 3NaOH 

Pure stibine may be prepared similarly. 

Properties. Arsine and stibine are both very poisonous gases, boiling 
points - 55 C and - 17 C respectively. Arsine burns in air with a blue 
flame and white fumes of arsenic trioxide are formed; if the flame is 
brought into contact with a cool surface however a black deposit of arsenic 
which is readily soluble in sodium hypochlorite or bleaching powder 

a?r hM? f ( . dls ‘ lnctl0n f rom , antim °ny), is obtained. Stibine also^burns in 
nrnrWH h * S fa,m ly bluish-green in contrast with the vivid flame 
demsi?iSllf f' 3rSine and hydro S en mixture, and the dull black antimony 

browner g3 “ S dec ° m P ose on heatin g and deposit the element as a 

than arsine Th m H r0r ’ but . stlbine decomposes at a lower temperature 
eft f i f' Th decomposition is the basis of the very delicate Marsh 

comrxfund^nnrt an f e . stlrnat ‘ n S sma11 quantities of arsenic and antimony 
compounds particularly in the examination of foodstuffs. * 

Marshes Tes^ The' 0 ' 6 T>Wse . must be carrie d out in a fume cupboard. 
mien -1 , Th a PP aratu s is fitted up as in Fig. 222. The U-tube 

sulphuretted hwf W °° m01 l tened with Iead acetate serves to remove any 

t ma? be Sed° g A.; n hberated 8 asCS > but its value is doubtful and 
may be omitted. All reagents must be arsenic-free. Arsenic-free zinc 
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is placed in the flask and dilute sulphuric acid (1:3) added until hydrogen 
is evolved vigorously.* The absence of arsenic is verified by passing the 
hydrogen through a solution of silver nitrate in a suitable container, 
attached via rubber tubing at B\ no black precipitate or suspension should 
be formed. The solution of the arsenic compound is then added to the 
flask in small quantities at the time, and at the same time the tube is 
heated at A to just below the softening point. A brownish-black mirror 
of arsenic is deposited in the cooler, less constricted, portion of the tube 
beyond A , due to the thermal decomposition of the arsine. In the case of 
antimony compounds, a black lustrous mirror is obtained similarly, but 
in this case it forms on both sides of the heated portion of the tube, due to 
the easier decomposition of stibine compared with arsine. The two mirrors 



Fig. 222. Marsh Test for Arsenic 


may be distinguished by the solubility of arsenic in hypochlorite solutions; 
antimony is insoluble. 

2As + 5NaOCl + 3H 2 0 = 2H 3 As0 4 + 5NaCl 

In the quantitative estimation of arsenic and antimony by this method, 
the mirrors are compared with a standard set of mirrors prepared rom 
solutions of known arsenic (and antimony) content. If both arsenic and 
antimony are present, the assumption is first made that the mirror i 
arsenic, and after comparing with the standard stains, the arsenic is i 
solved out with sodium hypochlorite, and the remaining antimony mirror 
compared with a set of antimony stains. The arsenic is then toun y 

difference. _ , , . „ orr , n tc 

Like phosphine, both arsine and stibine are powerful reducing agents, 

as indicated by their reactions with silver nitrate and me £ cu f^ c te 
solutions. When arsine is passed into a strong solution o si\ 

* Many analysts nowadays prefer to generate the hydrogen electrolytically, 
zinc absolutely free from arsenic is not readily procurable. 
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a yellow precipitate is first formed of the double compound, 

A&As . 3AgN0 3 , but this slowly changes to form a black precipitate of 
metallic silver— 


Filter paper moistened 
with AgN0 3 solution 


Cotto n woo!plug 


AsH 3 + 6AgN0 3 = AgjAs . 3AgNO a \ + 3HNO., 
AgaAs . 3AgN0 3 + 3H 2 0 = 6Ag I + 3HNO a + H 3 As0 3 

With dilute silver nitrate, however, the black precipitate of silver forms 
at once. Note that the filtrate will contain the whole of the arsenic 
(contrast antimony), and so gives a yellow precipitate of arsenic trisulphide 
with sulphuretted hydrogen. When stibine is passed into silver nitrate 
solutions, a black precipitate of silver antimonide, Ag 3 Sb, first forms, and 
this is rapidly decomposed by excess of 
silver nitrate to give a black precipitate of 
metallic silver, antimonious oxide and a little 
free antimony, the precipitate containing the 
whole of the antimony (contrast arsenic). 

If the precipitate is dissolved in hot hydro¬ 
chloric acid or in tartaric acid, and the 
solution treated with sulphuretted hydroeen, 
an orange-red precipitate of antimony tri- 
sulphide is obtained. These reactions of 

arsine and of stibine are the basis of 
the Gutzeit test. 

Gutzeit Test. The apparatus is shown in 
the accompanying diagram. Arsenic-free 
zinc and dilute sulphuric acid are placed in 
the test-tube which is then loosely plugged 
with purified cotton-wool and covered with 
a piece of filter-paper moistened with silver 

"‘l’’?. 16 solutlon - 11 may be necessary to warm the test-tube slightly to 

K==§■ EES ~SS 

metallic silver) indicates arsenic H a f br^ t n ° f r a blaCk P reci P itate (° f 

cent alcohol) indicates antimony. (mainlsoluble in 80 

AsH 3 + 6AgN0 3 + 3H.,0 = 6Ag + 6HNO3 + H 3 As0 3 

m p.rss ™, r “t c b r mtrc r ^ 

.ion, but antimony compounds g Zl noTtaT “ yCll0W C ° lora - 



Dilute H 3 S0+ 
(Arsenic- free) 


Fig. 223. Gutzeit Test for 
Arsenic 
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Halogen Compounds 

AsF 3 liquid, b. p. 63°C SbF 3 solid, m. p. 292°C BiF 3 solid 

AsF 5 gas, b. p. - 53°C SbF 5 liquid, b. p. 155°C - 

AsC 1 3 liquid, b. p. 132°C SbCl 3 solid, m. p. 73°C BiCl 3 m. p. 227°C 

AsC 1 5 existence doubtful SbCl 5 liquid, b.p. 140°C - 

AsBr 3 solid, m. p. 31°C SbBr 3 solid, m. p. 93°C BiBr 3 m. p. 210°C 

AsI 3 solid, m. p. 146°C Sbl 3 solid, m. p. 171°C Bil 3 m. p. 440°C 

Trichlorides. These are the most stable chlorides of arsenic, antimony 
and bismuth and are prepared— 

(1) By direct combination of the elements. Reaction occurs on heating, 
but finely divided arsenic and antimony will ignite spontaneously and bum 
in chlorine gas— 

2As 4- 3C1 2 = 2AsCl 3 


(2) By dissolving the trioxide in concentrated hydrochloric acid— 

As 2 0 3 4- 6HC1 = 2AsC1 3 4- 3H 2 0 

(3) By distilling a mixture of the element or its sulphide with mercuric 
chloride— 

3HgCl 2 4- 2Sb = 2SbCl 3 + 3Hg 
3HgCI 2 4- Sb 2 S 3 = 2SbCl 3 4- 3HgS 

(4) Bismuth trichloride is also prepared by dissolving bismuth in aqua 

(T 1 O 

Arsenic trichloride may be separated by distillation, boiling point 132°C, 
but antimony and bismuth trichlorides require the higher temperatures 

of 223°C and 447°C respectively. 

Properties. Whereas arsenic trichloride is a colourless viscous liquid, 
antimony and bismuth trichlorides are both soft white crystalline solids 
(butter of antimony). They are all hydrolyzed by water, but with decreasing 
readiness in passing from phosphorus to bismuth, in agreement with tne 
increasing metallic character of these elements. Thus phosphorus tri¬ 
chloride fumes in moist air and is immediately hydrolyzed by water 
arsenic trichloride is hydrolyzed by excess water and the reaction 

reversible— ^ 

AsC 1 3 + 3H 2 0 ^ H 3 As 0 3 + 3HCI 

Antimony and bismuth trichlorides hydrolyze at ordinary temperatures 
with excess of water to form oxychlorides, and slowly in boiling water 


to precipitate the trioxides. 

Oxychlorides of Antimony and Bismuth. The reactions 

SbCl 3 4- H 2 0 ^ SbOCl l 4- 2HC1 
BiCl 3 4- H 2 0 ^ BiOCl I 4- 2HC1 
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are reversible. If a solution of the trichloride (or other antimony or 
bismuth salt in hydrochloric acid) is considerably diluted, for example by 
pouring a little of the solution into a test-tube of water, a white precipitate 
of the oxychloride is formed. This redissolves on adding hydrochloric 
acid, the above reactions being reversed. The formation of the white 
oxychloride precipitate on diluting the hydrochloric acid solution is 
often encountered in qualitative analysis, particularly on passing from 
Group I to Group II, when the solution is diluted to reduce the acid 
concentration. If such a precipitate forms, the presence of either or both 
antimony and bismuth in the unknown mixture is indicated. 

The oxychlorides are also precipitated on adding a solution of the 
antimony or bismuth salt to a solution of sodium chloride— 

Bi(N0 3 ) 3 + NaCl H 2 0 = NaN0 3 BiOCl I -f 2HNO 

3 

Pentachlorides. Only antimony forms a pentachloride stable at ordinary 
temperatures. It may be formed by burning antimony in excess of chlorine^ 
by excess of chlorine on the fused trichloride, or by dissolving the tri¬ 
ll r f 8 ' a ' hea , v V >' ellow fumin g liquid, which solidifies 

C “' ld . boils at 140 c Wlth some dissociation into the trichloride 
and free chlorine (cp. PC1 5 )— 


»hU 5 = SbCl 3 + Cl 2 1 

With excess of hot water, hydrolysis occurs and a hydrated pentoxide 
hought to be antimomc acid, H 3 SbO,,, is precipitated. 

SbCl 5 + 4H,0 = H 3 SbO., + 5HC1 

Arsemc pentachloride is thought to be formed by the action of chlorine 

u , nC R hl0n t H* Very r 0W tern P erature s, but its existence is very 
doubtful. Bismuth does not form a pentahalide. ^ 

Oxides and Oxy-acids of Arsenic, Antimony and Bismuth 
t-Tr ° XidC ’ ASl °“ is the most im Portant compound of arsenic 

it is 'if irind 

4FeAsS + 10O 2 = 2Fe 2 0 3 + 4S0 2 f 4- As 4 O e f 
It exists in three polymorphous forms— 

n^^ P H° U i S ° r vitreous arse nious oxide, m. p. 200°C 

mnnnH ra arSeniOUS oxide » which sublimes on heating and 
(c) monoclinic arsenious oxide, dn( J 

and of these, the octahedral form i’s the most stable. They all vaporize 
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at 218°C, and are sparingly soluble in water to give a solution which is 
faintly acidic, presumably due to the formation of arsenious acid, H 3 As0 3 , 
although this acid has never actually been isolated. The amphoteric 
character of the oxide is revealed by its solution in alkalis or carbonates 
to form arsenites, and in concentrated hydrochloric acid to form arsenic 
trichloride; with fuming sulphuric acid an unstable arsenic sulphate is 
thought to be formed. 

As 4 O g + 12NaOH = 4Na 3 As0 3 + 6H 2 0 
As 4 0 6 4- 12HC1 ^ 4AsC1 3 + 6H 2 0 

The weakly basic nature of the oxide is revealed by the reversibility of 
the latter reaction. 

Arsenic trioxide is easily reduced to arsenic by heating with charcoal 
(or potassium cyanide), the arsenic subliming. A brown precipitate of 
arsenic may be formed by treating the aqueous suspension of the trioxide 
with reducing agents, such as stannous chloride— 

As 4 O g + 6SnCl 2 + 12HC1 = 4As + 6SnCl 4 + 6H 2 0 

It may also be oxidized to arsenic pentoxide by oxidizing agents, such as 
concentrated nitric acid, chlorine and hypochlorites, hydrogen peroxide 
and ozone, but these reactions are more easily carried out in alkaline 
solution when the soluble arsenite is oxidized to the soluble arsenate— 

Na 3 As0 3 + Cl 2 + H 2 0 = Na 3 As0 4 + 2HC1 

The corresponding reaction, using iodine as the oxidizing agent, is often 
used in volumetric analysis, for example, to standardize iodine-potassium 
iodide solutions, and to estimate hypochlorites such as bleaching powder. 

Na 3 As0 3 + I 2 H 2 0 Na 3 As0 4 + 2HI 

The above reaction is however reversible, but may be made to go quanti¬ 
tatively from left to right by removing the hydriodic acid as soon as it 
forms. This is effected by using a solution of sodium arsenite containing 
excess of sodium bicarbonate; the latter reacts with the hydriodic acid. 
Sodium hydroxide or sodium carbonate which would otherwise e 
suitable for this purpose must not however be present since they tend to 
react with the iodine to form hypoiodites and iodates (see p. 814). a 
standard solution of arsenious oxide is first prepared by dissolving 
accurately weighed amount of the trioxide in excess of sodium hydroxia 
(to form sodium arsenite) and the excess of sodium hydroxi e 
neutralized by carefully adding sulphuric acid. The solution is e 
up to the requisite volume by adding a strong solution o so * . j d 

bonate, NaHC0 3 . Since arsenite solutions are very pojsonous they 
always be added from the burette. The end-point of the titration 
cated by the disappearance of the blue colour of the starch-io P 
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The reaction with sodium hypochlorite (and bleaching powder) is 

carried out volumetrically using starch-iodide paper as an external 
indicator— 

Na 3 As0 3 + NaOCl = Na 3 As0 4 + NaCl 
NaOCl + 2KI + HjO = NaCl + 2KOH + I 2 

Arsenites. Although arsenious acid, H 3 As0 3> has never been isolated, 
the arsenites are well known. Three series of arsenites exist and these 
appear to be derived from the hypothetical acids— 

Ortho-arsenious acid, H 3 As0 3 -> Na 3 As0 3 , Ag 3 As0 3 , etc 
Pyro-arsenious acid, H 4 As 2 0 5 -> Ca 2 As 2 0 5 , etc. 

Meta-arsenious acid, HAsO £ -* NaAsO,, KH(As0 2 )„ etc 

The arsenites of the baser metals are insoluble, and include Scheele's 
Green, CuHAs0 3 , and Pans Green , a mixed arsenite and acetate of copper 

CuAc, 3Cu(As0 2 ) These compounds were formerly used as pigments’ 

particularly for wall-papers, but their use for this purpose has now been 

discontinued. The growth of certain moulds on the paper produced 

some very poisonous gaseous organic arsenic compounds, and led to fatal 

results in several cases. Their main use today is in certain insecticides 
used in combating plant pests. 

Antimony Trioxide, Sb 4 0 6 , is made by burning antimony in air or by 

T P Hrhl^ 8 r'H team Tu red ' h0t antlmon y> or b y the hydrolysis of antimony 
trichloride or sulphate on boiling with water. ' 

SbCl 3 + H 2 0 = SbOCl + 2HC1 f 
4SbOCl + 2H 2 0 = Sb 4 O e + 4HC11 


It is a pale buff-coloured solid, practically insoluble in water and changes 
reversibly on heating into a yellow polymorphic form It is readily soluhlp 
m dilute hydrochloric acid to form the trichloride, in cold con^nt ated 
nitric acid to form the nitrate, Sb(N0 3 ) 3 , and in hot concen rated s^Eric 
acid to form the sulphate, Sb 2 (S0 4 ) 3 . Its amphoteric properties are shown 

“ d dr S™8 resulting prtjpiitt .(about IWt'c". ° f 

poSxzsm rrr: p"p™»». .he com. 

4KH tartrate + Sb,0 6 = 4K(SbO) tartrate + 2H 2 0 

also, the 
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Bismuth Trioxide, Bi 2 0 3 , is prepared by heating bismuth or any of 
its other oxides in air, and also by heating its carbonate, nitrate or hy¬ 
droxide (note resemblance to metals generally). It is easily the most 
important oxide of bismuth, and is almost exclusively basic. It dissolves 
easily in acids to form the trivalent bismuth salts, for example, Bi 2 (S0 4 ) 3 , 
Bi(N0 3 ) 3 , etc., and also forms a series of basic insoluble salts, containing 
the bismuthyl (BiO) group, for example, BiOCl, bismuthyl chloride, 
(or bismuth oxychloride), (Bi0) 2 S0 4 , etc. Like arsenic and antimony tri¬ 
oxides, bismuth trioxide may easily be reduced to the metal by heating 
with carbon. 

Arsenic Pentoxide, As 4 O ]0 , is not formed when arsenic is allowed to 
burn in air or in oxygen (contrast phosphorus). More vigorous oxidation 
is necessary, and it is usually prepared by boiling the trioxide with con¬ 
centrated nitric acid. On cooling the concentrated solution, crystals of 
ortho-arsenic acid (2H 3 As0 4 . H 2 0) separate. On heating to about 
100°C, the water of hydration is lost to form H 3 As0 4 . More vigorous 
heating for about two hours at 200°C to 230°C produces the pentoxide 
as a white deliquescent glassy-solid— 

4H 3 As0 4 = As 4 O 10 + 6H 2 0 f 

At still higher temperatures, for example at red heat, this decomposes 
to reform the trioxide and liberate oxygen— 

As 4 O 10 = As 4 0 6 + 20 2 f 

Arsenic pentoxide is an acidic oxide, and dissolves in water to form the 
ortho-arsenic acid. Meta-arsenic acid is unknown (cf. phosphorus), 
but pyro-arsenic acid exists. Arsenates of all three acids are however 
formed, and these resemble the corresponding phosphates, both in their 
method of preparation and in many of their properties, e.g.— 

2Na 2 HAs0 4 hea5 -^ Na 4 As 2 0 7 + H 2 0 f 
NaH 2 As0 4 NaAsO a + H 2 0 f 


Magnesium ammonium arsenate decomposes on heating to form the 
pyro-arsenate, a reaction which recalls the similar behaviour of magnesium 

ammonium phosphate— 


2Mg(NH4)As0 4 = Mg 2 As 2 0 7 + 2NH 3 f + H a O t 

This reaction is used in the quantitative determination of arsenates. 
Nitric acid and ammonium molybdate gives a yellow precipitate 
arseno-molybdate when added to a solution of an arsenate an j- 

phosphates react similarly with these reagents but the yellow precipita 
the phospho-molybdate forms in the cold or on very gent y war g* 
Antimony Pentoxide, Sb 4 Oj 0 , is obtained as a yellow po f wit h 

heating the solid obtained by the repeated evaporation of antimo > 
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concentrated nitric acid. Prepared by this method, it always contains a 
little of the trioxide, into which it is completely converted on heating to 
above 440°C. The pentoxide may also be prepared by heating pyro- 
antimonic acid (see below) to about 300°C— 

2H 4 Sb 2 0 7 = Sb 4 O 10 -f- 4H 2 0 f 

Antimony pentoxide is almost insoluble in water. Various hydrated 
forms of the oxide, corresponding in composition to the ortho-, pyro-, and 
meta antimonic acids, have been prepared by other methods. Thus 
hydrolysis of antimony pentachloride by boiling water, followed by 
drying the resulting precipitate at 100°C, produces the hydrate correspond¬ 
ing to pyro-antimonic acid, H 4 Sb 2 0 7 . 

2SbCl 5 + 7H 2 0 = 10HC1 + H 4 Sb 2 0 7 

At 200“C, this hydrate is said to change to the meta-acid, HSbO ;J , and at 
300 C to the pentoxide. Salts of these real, or hypothetical, acids are 
however known, and of these the pyro-antimonates and meta-antimonates 
are the most important. These include potassium meta-antimonate, 
KSbO a , produced by fusing antimony with potassium nitrate, and potas¬ 
sium dihydrogen pyroantimonate, K 2 H 2 Sb 2 0 7 , which is often used to 

detect sodium—Na 2 H 2 Sb 2 0 7 is only sparingly soluble in cold water and 
almost insoluble in alcohol. 

Bismuth Pentoxide, Bi 2 0 5 , probably does not exist. It is thought to 

be formed in an unstable state by the action of chlorine on a concentrated 

alkaline solution of bismuth trioxide, and also when potassium bismuthate 
is hydrolyzed by water— 

2KBiO a + H 2 0 = Bi 2 0 5 + 2KOH 

Sodium Bismuthate, NaBiO s , and Potassium Bismuthate, KBiOo, are 

yellow solids prepared by fusing a mixture of bismuth trioxide and the 
corresponding alkali with free access of air— 


2KOH + Bi 2 0 3 + 0 2 = 2KBi0 3 + H 2 0 

tdoxkle 0 ^ PaSS ‘ ng Chl0r ‘ ne thr ° Ugh an alka, ' ne sus P ension of bismuth 

■ i hey , are b ° th P°' verful oxjdizing agents, and are used for this purpose 
m the detection and estimation of manganese in its salts. Thus, when 

ohd sodium bismuthate is added to a cold solution of a manganese salt 

"\ dute f ™ tnc acid and the mixture stirred, the characteristic purple 
colour of the permanganate appears due to the formation of permanganic 

S,, J am a r W ° ’ the laUer is filtered offfrom the e ^ess sodium 
bismuthate, and then estimated volumetrically in the usual way. 

5NaBi0 3 + 2MnS0 4 + 16HN0 3 = 

2HMn0 4 + 5Bi(N0 3 ) 3 + NaN0 3 + 2Na 2 S0 4 + 7H..O 
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Other oxides of arsenic, antimony and bismuth include As 4 O s a mixed 
acid anhydride, Sb 4 O g a mixed acid anhydride, BiO a dubious bismuth 
monoxide, and Bi 2 0 4 which resembles lead peroxide in its preparation 

and properties. 

The following are the main points of difference and similarity between 
the oxides and oxy-acids of phosphorus, arsenic, antimony and 
bismuth— 

(a) When the element is burnt in air or oxygen, phosphorus forms the 
pentoxide, whereas arsenic, antimony and bismuth only form the tri¬ 
oxides. 

(b) The pentoxides become decreasingly stable from phosphorus to 
bismuth. Thus, phosphorus pentoxide, P 4 O 10 is very stable, but the exis¬ 
tence of bismuth pentoxide, Bi 2 0 5 is doubtful. Whereas the former is 
obtained simply by burning phosphorus in excess of air, arsenic and 
antimony pentoxides require more powerful oxidizing agents, and are 
usually prepared by boiling the corresponding trioxide with concentrated 

nitric acid. , , . 

(c) The acids corresponding with ortho-, pyro-, and meta-phospno 

acids similarly become increasingly less definite. Thus ortho- and pyro- 
arsenic acids appear to have been formed but not the meta-acid; the 
ortho-, pyro- and meta-antimonic acids appear to exist only as insoluble 
hydrates of antimony pentoxide; no corresponding bismuthic acids are 


known. , . . Ae%fi 

(d) The salts of these acids, whether real or hypothetical, are more d 

nite, and are mainly isomorphous with the corresponding phosphates 
Arsenic forms ortho-, pyro- and meta-arsenates, the two latter however 
being only stable in the solid state; antimony forms meta- and py o 

antimonates but not ortho-antimonates; bismuth forms meta-bismuthates 

only and these are usually referred to simply as bismuthates- 

(e) The trioxides become increasingly basic in passing from arsenicit 

bismuth Both arsenic and antimony trioxides are amphoteric, b 

bismuth is almost exclusively basic, with negligible acidic character Th 
arsenites are less powerful reducing agents than are the phosphites but 
they may easily be oxidized to the corresponding arsenates. Thes an 
monites are less stable, and no corresponding bismuth compound the 
formed. The increase in basic character of the trioxides is b > s _ 

increasing stability and reluctance of the salts to ...Ljousacid 

phorus trichloride fumes in air, arsenic trichloride fo ™ s ^ Se " so , uble 

only slowly with hot water; antimony and bismuth rlch ° rl J inso uble 

in water, but with excess of the latter, they hydrolyze to forrn .nsoi 
oxychlorides which are only converted into the .nsoluble trmxid^ 0^ 
prolonged boiling with water. Both antimony and bismuthj 
basic slits containing the antimonyl (SbO) and bismuthyl (B.O) 
e.g. K(SbO) tartrate, SbOCl and BiOCl. 
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Sulphides. The following sulphides of arsenic, antimony and bismuth 
are known— 

Arsenic: As 2 S 2 (Realgar), As 2 S 3 (Orpiment), and As 2 S 5 , arsenic 
pentasulphide. 

Antimony: Sb 2 S 3 (Stibnite), and Sb 2 S 5 , antimony pentasulphide. 
Bismuth: Bi 2 S 3 (Bismuth Glance). 

Some, shown with the name of the mineral in brackets, occur in nature 

and constitute important sources of the parent elements. 

Preparation. The general method of preparation is to heat the elements 

together in the proportions indicated by the formula of the sulphide. 

The trisulphides are also precipitated on passing sulphuretted hydrogen 

through solutions of arsenic, antimony and bismuth salts. Arsenic 

^sulphide is yellow, antimony trisulphide orange-red, and bismuth 
sulphide brown— 

2Bi(N0 3 ) 3 + 3H 2 S = Bi 2 S 3 j + 6HN0 3 

The pentasulphides of arsenic and antimony are precipitated on acidify¬ 
ing a solution of ammonium thioarsenate or of ammonium thioantimonate 

{see below)— 


2(NH 4 ) 3 AsS 4 + 6HC1 = As 2 S 5 (yellow) j + 6NH 4 C1 + 3H 2 S f 
2(NH 4 ) 3 SbS 4 + 6HC1 = Sb 2 S 5 (orange-red) f + 6NH 4 C1 + 3H 2 S f 

Pr° pe rt |es . Both arsenic trisulphide and antimony trisulphide show 
fn thnt P r Pe H t,CS f om P ar u able with arsen ic trioxide and antimony trioxide 

Bismnth^ d | SS h° r !i n thC alkal ‘ h y droxides > a nd in ammonium sulphide. 
Bismuth trisulphide does not dissolve in these solutions and this is to be 

ThSubiliw f hC alm ° St e ^ Iu u sivel y basic nature ^ bismuth trioxide. 

b y U arSen,C tr,suI P h,de » bnt not of antimony trisulphide in 
ammonium carbonate similarly reveals the more acidic or nommetalhc 
nature of arsenic compared with antimony. 

As 2 S 3 + 6NaOH = Na 3 As0 3 + Na 3 AsS 3 + 3H 2 0 
Arsenic As 2 S 3 + 3(NH 4 ) 2 S = 2(NH 4 ) 3 AsS 3 

As 2 S 3 + 3(NH 4 ) 2 C0 3 = (NH 4 ) 3 As 0 3 + (NH 4 ) 3 AsS 3 + 3C0 2 
(Na 3 As0 3 = sodium arsenite; Na 3 AsS 3 = sodium thio-arsenite) 

( SbaS 3 + 6NaOH = Na 3 Sb0 3 + Na 3 SbS 3 + 3H 2 0 
Antimony Sb 2 S 3 + 3(NH 4 ) 2 S - 2(NH 4 ) 3 SbS 3 

^b 2 S 3 -f (NH^gCOy no reaction 

(Na 3 Sb0 3 = sodium antimonite; Na 3 SbS 3 = sodium thio-antimonite) 
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On acidifying any of the above solutions, the unstable thio-acids are 
first liberated, but these decompose to precipitate the original trisulphide— 

2(NH 4 ) 3 AsS 3 + 6HC1 = 2H 3 AsS 3 + 6NH 4 C1 

2H 3 AsS 3 = As 2 S 3 i + 3H 2 S 

(NH 4 ) 3 As0 3 + (NH 4 ) 3 AsS 3 + 6HC1 = As 2 S 3 I + 6NH 4 C1 + 3H 2 0 

with similar equations for the thio-antimonites and antimonites. 

Arsenic trisulphide and antimony trisulphide are also soluble in yellow 
ammonium sulphide (that is, ammonium polysulphide) to form ammonium 
thio-arsenate and ammonium thio-antimonate respectively— 

As 2 S 3 + 3(NH 4 ) 2 S x = 2(NH 4 ) 3 AsS 4 + sulphur j 
Sb 2 S 3 + 3(NH 4 ) 2 S x = 2(NH4) 3 SbS 4 + sulphur j 

On acidifying the solution of these thio-salts, the penta-sulphides are 
precipitated— 

2(NH 4 ) 3 AsS 4 + 6HC1 = 3H 2 S f + As 2 S 5 I + 6NH 4 C1 
2(NH 4 ) 3 SbS 4 + 6HC1 = 3H 2 S f + Sb 2 S 5 l + 6NH 4 C1 

Arsenic pentasulphide and antimony pentasulphide are also soluble in 
solutions of caustic alkalis, in colourless and yellow ammonium sulphides, 
but only the arsenic pentasulphide is soluble in ammonium carbonate. 

As 2 S 5 + 6NaOH = Na 3 AsS 4 + Na 3 As0 3 S + 3H 2 0 
As 2 S 5 + 3(NH 4 ) 2 C0 3 = (NH 4 ) 3 AsS 4 + (NH 4 ) 3 As0 3 S + 3C0 2 
As 2 S 5 + 3(NH 4 ) 2 S = 2(NH 4 ) 3 AsS 4 

Similar equations apply to the solution of antimony pentasulphide m 
sodium hydroxide and in ammonium sulphide solutions. 

The separation of arsenic trisulphide, antimony trisulphide, and stannous 
sulphide as Group IIB in qualitative analysis is based on the reactions 
outlined above. For comparison, the corresponding equations witn 
stannous sulphide are given below, but it should be noted that stenno 
sulphide does not dissolve in colourless ammonium sulphide nor in s 
hydroxide (very slight solubility), but does dissolve in yellow ammoniu 
sulphide due to the formation of a soluble thiostannate 

SnS + (NH 4 ) 2 S + S = (NH 4 ) 2 SnS 3 

thiostannate 

Oil acidification, a yellow precipitate of stannic sulphide is obtained. 

(NH 4 ) 2 SnS 3 + 2HC1 = SnS 2 I + 2NH 4 C1 - H 2 S t 
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Table 101 


Solubility of Sulphides of Arsenic , Antimony , Bismuth and 

Tin in Various Solvents 


Sulphide 

NaOH 

(NH 4 ) 2 S 

1 

(NH 4 ) 2 co 3 

(NH 4 ) 2 s, 

Cone. HC1 

AS 2 S 3 

Soluble 

Soluble 

Soluble 

Soluble 

Insoluble 

Sb 2 S 3 

Soluble 

Soluble 

Insoluble 

Soluble 

Soluble 

SnS 

Slightly 

Insoluble 

Insoluble 

Soluble 

Soluble 


soluble 




Bi2^3 

Insoluble 

Insoluble 

Insoluble 

. Insoluble 

Soluble 

As 2 S 5 . 

Soluble 

Soluble 

Soluble 

Soluble 

Insoluble 

Sb 2 S 5 . 

Soluble 

Soluble 

Insoluble 

Soluble 

Soluble 

SnS 2 

Soluble 

Soluble 

Insoluble 

Soluble 

Soluble 


Uses of Arsenic, Antimony and Bismuth 

Arsenic. Addition of small quantities of arsenic to copper improve 

its strength and resistance to oxidation. Arsenical copper is used as 

sheets for roofing, rain-water gutters, and in certain industrial plant. The 

addition of about a half per cent of arsenic to lead helps to lower its 

melting point and improve its hardness; it is used, therefore in the 
manufacture of lead shot. 

Paris Green (copper aceto-arsenite) is used extensively in mosquito con¬ 
trol but its use in combating the Colorado beetle has declined in favour of 

V\\tr' S n Ule (P , bHAs °'> ) whlch 1S a ver y important insecticide and weed 
killer. Owing however, to its potential danger to humans a strict limit 

has been placed on the amount which can be left on food crops. In the 

U.S A., where lead arsenate is extensively used against the codline moth 
apple-wirshmg after harvesting has had to be adopted 8 

Hides for export are treated with salt and arsenious oxide , and the latter 
is also used in many sheep-dips and weed killers, and for preserving wood 

p P “ “ d »'« »'*> as 1.EK 

MechcinuHy important organic arsenic compounds include Salvarsan 

v,sK*„pSitet d X'i.r i " e - p ™ dp “ ,,y in 

p “rfeoJ 1 " imP ° r,a "“ °' “ ,im0n > ™ “"•» «»°ys « teed on i„ 




Table 102 

Comparison of Phosphorus , Arsenic , Antimony and Bismuth 
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(b) Hardening the base metal—hence used to produce certain bearing 
alloys, for example Babbitt metal which contains very hard crystals of an 
intermetallic compound, such as SnSb. 

Examples of these alloys are given in Table 103. 

Table 103 


Some Antimony Alloys 


Alloy* 

Tin 

Lead 

Antimony 

Copper 

Type metal 

• 

5 

75 

20 


Pewter 

• 

83-75 

0-20 

0-7 

2 

Britannia metal 

• 

93-3 

""" 

4-6 

2 

Babbitt metal . 

• 

83-3 

| 


8-3 

8-3 


* Percentage composition by weight 


Antimony White (Sb 2 0 3 ) is used as a paint pigment, and the most 
important organic compound of antimony used medicinally is Stibophen , 
which is used in the treatment of certain parasitic diseases common in 
India and some Eastern Mediterranean districts. 

Bismuth is used principally in the manufacture of fusible metal alloys, 
which find many uses based on their relatively low softening or melting 
points, for example in the control of fire hazards. These alloys are 
employed for safety plugs in steam boilers, in electrical fire alarms and in 
automatic sprinklers to be seen in all large buildings. In the following 
Table are given the more important of these alloys with their melting 
points. 

Table 104 


Some Bismuth Alloys 


Alloy* 

Tin 

Lead 

Bismuth 

Cadmium 

1 Melting Point 

Newton’s metal 

3 

5 

8 

— 

94-5°C 

Rose’s fusible metal . 

1 

1 

2 

— 

93*75 C 

Wood’s fusible metal. 

1 

2 

4 

1 

65 -68 C 


* Percentage composition by weight 


Detection and Estimation of Arsenic, Antimony and Bismuth. Qualita¬ 
tively, arsenic, antimony and bismuth are precipitated as their sulphides 
in Group II on passing sulphuretted hydrogen into their acid solution. The 
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solubility of arsenic and antimony sulphides in yellow ammonium sulphide 
permits their separation from bismuth (and other Group IIA) sulphides. 
Sulphides of arsenic and antimony are reprecipitated with dilute hydro¬ 
chloric acid, and then separated by boiling with concentrated hydro¬ 
chloric acid which dissolves the antimony sulphide. The formation of the 
oxychlorides of antimony and of bismuth on pouring a little of the hydro¬ 
chloric acid solution into water are useful pointers to the presence of these 

elements. . . 

A more delicate test for bismuth is the production of a black precipitate 

or colouration when a freshly prepared solution of sodium stannite is 

poured over the bismuth hydroxide precipitated in the Group IIA 

separation. 

Small quantities of arsenic and of antimony are detected by the Marsh 
and Gutzeit tests {see p. 697). 

Arsenates are detected by the formation of a yellow precipitate on 
heating the solution obtained after adding nitric acid and ammonium 
molybdate and also by the formation of a chocolate-brown precipitate 
when silver nitrate is added to a neutral solution of the arsenate. 

Quantitatively, arsenic is determined by conversion into the arsenate, 
for example by treatment with nitric acid, and then adding ammonium 
chloride, ammonium hydroxide and magnesium chloride solutions to 
precipitate magnesium ammonium arsenate, Mg(NH 4 )As0 4 . This is 
collected, dried and weighed in this form, or preferably is ignited to the 
pyro-arsenate before weighing— 

2Mg(NH 4 )As0 4 = Mg 2 As,0 7 1 + 2NH 3 f + H 2 0 t 

Antimony is usually determined as the sulphide, Sb 2 S 3 , which is collected, 
dried and weighed, whilst bismuth is precipitated as its carbonate, which is 
then ignited and weighed as the oxide, Bi 2 0 3 . 

2Sb(N0 3 ) 3 + 3H 2 S = Sb 2 S 3 1 + 6HN0 3 
2Bi(N0 3 ) 3 + 3Na 2 C0 3 = Bi 2 (CO a ) 3 I + 6NaN0 3 

Bi 2 (C0 3 ) 3 = Bi 2 Q 3 + 3C0 2 . 



CHAPTER 24 


THE ELEMENTS OF GROUP VI 


The Group VI family of elements include— 

/Chromium—Molybdenum—Tungsten (Sub-group A) 

Oxygen—Sulphur 

Selenium—Tellurium—(Sub-group B) 


The chemistry of oxygen has already been discussed in detail in Chapter 17, 
and before proceeding to the study of the remaining elements of the Group, 
it is proposed to discuss the chemistry of two important compounds which 
contain oxygen. These are hydrogen peroxide and ozone. 


HYDROGEN PEROXIDE 

A solution of hydrogen peroxide was first prepared by Thenard in 1818 
by the action of dilute sulphuric acid on barium peroxide— 

Ba0 2 + H 2 S0 4 = BaS0 4 I + H 2 0 2 

Since then, its importance has increased considerably, particularly so 
during the last World War when its value as a fuel for gas-turbine engines 
used in rockets, torpedoes, etc., was discovered and exploited by the 

Germans. ... . 

Hydrogen peroxide is formed in small quantities in many reactions in 

which atomic hydrogen is liberated in the presence of oxygen, the following 
reaction then taking place— 

H + 0 = 0 + H -* H—O—O—H 


Thus small quantities are produced— . 

(a) By bubbling oxygen about an electrode at which hydrogen is being 

liberated during electrolysis. 

(, b ) When hydrogen burns in air, for example, with the jet of burning 
hydrogen impinging on the surface of cold water, or of ice-water. 

(c) By passing a high-frequency electric discharge through a gaseous 

mixture of hydrogen and oxygen. ., . 

Laboratory Preparation. The usual method, involving the use of barium 

peroxide, occurs in two stages— 

(a) Preparation of hydrated barium peroxide, BaU 2 . 8H 2 u. 

(b) Action of cold dilute sulphuric acid on this hydrated P er ° xlde ’ 
Anhydrous barium peroxide is not easily decomposed by dilute sul¬ 
phuric acid due to the formation of a protective coating of insoluble 


714 


HYDROGEN PEROXIDE 


715 


barium sulphate on the peroxide particles. The hydrated barium peroxide, 
however, is readily decomposed by this acid. Commercial barium peroxide 
is therefore first converted into its hydrate by the following procedure. 
The finely powdered peroxide is added a little at a time to a cold mixture 
of equal volumes of water and concentrated hydrochloric acid until the 
latter is neutralized— 

BaO, + 2HC1 = BaCl 2 + H 2 0 2 

A little barium hydroxide solution is then added to precipitate iron and 
aluminium impurities as their hydroxides. These, together with the 
silica originally present as impurity in the barium peroxide, are filtered 
off, and the filtrate then added to a saturated solution of barium 
hydroxide— 

H 2 0 2 + Ba(OH) 2 + 6H 2 0 = Ba0 2 .8H 2 0 I 

The precipitated hydrated barium peroxide is then filtered off, washed 
with cold water free from carbon dioxide, and kept moist in a stoppered 
bottle. 

Hydrogen peroxide is then prepared from this hydrated barium peroxide 
by treatment with cold dilute sulphuric acid. The barium is precipitated 
as barium sulphate leaving a solution containing only hydrogen peroxide— 

Ba0 2 + H 2 S0 4 = BaS0 4 I + H 2 0 2 

A convenient laboratory method for preparing small quantities of 
hydrogen peroxide is to add small quantities of sodium peroxide to ice- 
water. (Since sodium peroxide sometimes contains unchanged metallic 
sodium, which will liberate hydrogen by reaction with the water, it is 
advisable not to apply a light to the gas evolved from the mixture.) 

Na 2 0 2 + 2H 2 0 = 2NaOH + H 2 0 2 

Commercial Preparation. The method used by Thenard is still an 
important commercial method for preparing hydrogen peroxide solutions, 
but the use of sulphuric acid to decompose the barium peroxide is avoided 
because it catalyzes the decomposition of the hydrogen peroxide. Acids 
such as phosphoric acid, or carbonic acid, are preferred. 

The barium peroxide is obtained from the mineral barytes (BaS0 4 ) by the 
following sequence of reactions— 

(i) Roasting an intimate mixture of barytes with coke in a rotary kiln— 

BaS0 4 +‘4C = BaS + 4CO t 

(ii) The barium sulphide is then converted into barium carbonate by treat¬ 
ment with an aqueous solution of sodium carbonate— 

BaS + Na 2 CO a = BaCQ 3 1 + Na 2 S 
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(iii) Heating the precipitated barium carbonate with carbon— 

BaC0 3 + C = BaO + 2CO f 

(iv) Heating the resulting barium monoxide in a stream of purified air 
at 540°C— 

2BaO + 0 2 = 2Ba0 2 

In the phosphoric acid-sulphuric acid method , the barium peroxide is 
treated with a solution of phosphoric acid, and the precipitate of barium 
phosphate separated— 

3Ba0 2 + 2H 3 P0 4 = Ba 3 (P0 4 ) 2 i + 3H 2 0 2 


The phosphoric acid is recovered for further use by first dissolving the 
barium phosphate in more phosphoric acid, and then adding sulphuric 
acid to precipitate barium sulphate— 

Ba 3 (P0 4 ) 2 + 4H 3 P0 4 = 3Ba(HP0 4 ) 2 

3Ba(HP0 4 ) 2 + 3H 2 S0 4 = 3BaS0 4 i + 6H 2 P0 4 

A second method for preparing hydrogen peroxide from barium peroxide 
is to pass a stream of carbon dioxide gas into cold water to which the 

barium peroxide is slowly added 

Ba0 2 + C0 2 + H a O = BaC0 3 I + H 2 0 2 


The inter-war years saw the development of the very important process 
bv which hydrogen peroxide is obtained from persulphuric acid. When a 
solution of the latter is steam-distilled, the following reaction occurs to 
produce a solution of hydrogen peroxide as distillate— 

H 2 S 2 O s + 2H 2 0 = 2H. 2 S0 4 + H 2 0 2 t 

The nersulphuric acid was formerly prepared directly by the electrolysis 
of'a fairly concentrated solution of sulphuric acid, the following reaction 

occurring at the anode- ^ + ? 

2(HS0 4 ) -> H 2 S 2 0 8 

EiiSSSprstS- 

quently adding potassium hydrogen sulphate is separated, 
acidified to liberate the persulphuric acid 

(NH 4 ) 2 S 2 0 8 + 2KHSO, = K 2 S 2 O s I + 2(NH 4 )HS0 4 
K 2 S 2 O s + 2H 2 S0 4 = 2KHS0 4 + H 2 S 2 O s 

Alternatively, in the Kurfstcin process, the ammonium persulphate. 


hydrogen peroxide 

prepared as above by the electrolysis of ammonium hydrogen sulphate is 
steam-distilled directly, that is, without first liberating persulphunc acid- 

(NH 4 ) 2 S 2 0 8 + 2H 2 0 = 2NH 4 HS0 4 + H 2 0 2 f 

A newer process, not yet carried out on a large scale in this country, 
passes a mixture of hydrogen and oxygen (19 to 1, by volume) saturated 
with water vapour, between two parallel quartz plates each coated with 
aluminium on its outer side. A high-voltage, high-frequency electric 
discharge is then passed between the plates to produce small quantities 

of hydrogen peroxide. 

Concentration of Hydrogen Peroxide Solutions. For most normal 
purposes a solution of about 30 per cent concentration may be prepared by 
concentrating the aqueous solutions prepared by the above methods by 
evaporation on a water-bath at about 70°C, but for more concentrated 
solutions, it is necessary to distill the hydrogen peroxide. At 100 C, how¬ 
ever, hydrogen peroxide solution decomposes rapidly, so that the method 
of distilling at ordinary atmospheric pressure is useless. If, however, 
the pressure is reduced, the boiling point is also lowered, and if the pressure 
is reduced sufficiently the boiling point of the hydrogen peroxide solution 
will be reduced below the temperature at which it begins to show appreci¬ 
able decomposition. This is the basis of the method for preparing solutions 
up to about 90 per cent hydrogen peroxide concentration. At 15 mm Hg 
pressure, for example, the hydrogen peroxide distils over at about 35-40~C, 
at which temperature very little decomposition occurs. These concentrated 
solutions are often stabilized with sodium pyrophosphate or phosphoric 
acid, and stored in containers of a special stainless steel. Hydrogen 
peroxide of 100 per cent concentration is now a commercial product. 

Properties of Hydrogen Peroxide. Solutions of hydrogen peroxide are 
colourless, indistinguishable from water in appearance, unless the solution 
is very concentrated when it is somewhat viscous, and slightly blue in 
colour when seen in bulk. The highest concentration solution manu¬ 
factured nowadays contains up to 100 per cent hydrogen peroxide, but 
most commercially available solutions are weaker. These include the 
“10, 20, 40 and 100-volume” solutions, and “perhydrol” which contains 
about 30 per cent hydrogen peroxide. The “volume-strength” of a 
hydrogen peroxide solution expresses the concentration in terms of the 
number of volumes of oxygen gas which would be produced by the com¬ 
plete decomposition of one volume of the given hydrogen peroxide solution. 

2H 2 0 2 = 2H ,0 + 0 2 t 

Thus, 1 ml of a “100-volume solution” will produce 100 ml of oxygen 
gas on complete decomposition. The term is of theoretical rather than of 
practical importance, since it is usually determined indirectly from a 
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knowledge of the amount of hydrogen peroxide contained in the given 
solution {see, for example, p. 722). 

Concentrated solutions of hydrogen peroxide should not be allowed to 
come into contact with the skin since painful white blisters are produced, 
but weak solutions are much used for antiseptic purposes in hospitals and 
as a mouth wash. The action of the concentrated solution on the skin is 
paralleled by its behaviour on certain organic compounds. Solutions of 
concentrated hydrogen peroxide which contain alcohols, ketones, or sugars, 
etc., are relatively stable when left undisturbed, but under some conditions 
reactions may develop with explosive violence. Precaution is also taken to 
prevent concentrated hydrogen peroxide solution from coming into contact 
with inflammable material. The decomposition of a 65 per cent solution 
produces just enough heat to evaporate all the water normally contained 
in the material, so that with solutions of higher concentration, ignition, 
and continuing fires are produced. 

Decomposition. Hydrogen peroxide is remarkable for the number and 
variety of substances which catalyze its decomposition, and also for the 
very large effect produced in many cases by even minute quantities of these 
substances. Thus a little platinum black produces explosive decomposition, 
and similar decomposition occurs with other finely divided metals, such as 
copper, gold, etc. In general, only those metals which may occur in two 
or more valency states appear to catalyze the decomposition. Almost all 
forms of dust and dirt catalyze the decomposition, as also do many fer¬ 
ments and enzymes, provided that in the latter cases, the solution of hydro¬ 
gen peroxide is not too concentrated to kill them before appreciable 
decomposition occurs. Substances such as manganese dioxide, and sodium 
and potassium permanganates are also very effective catalysts. 

In the absence of impurities, such as have been outlined in the preceding 
paragraph, solutions of hydrogen peroxide, even the 90 to 100 per cent 
solution, are unexpectedly very stable and may even be transported in 
bulk. Usually, however, stabilizers are added, and these may belong to 

one or both of the following two categories— 

(a) Acids. Hydrogen peroxide solutions are more stable when acid than 

when alkaline, and acids, such as phosphoric acid, are often added as 
stabilizers. The stronger mineral acids, such as sulphuric acid, are no 


stabilizers however. . 

(. b ) Anti-decomposition catalysts. Substances, such as P^oP hos P hat ®f’ 
and fluorides are often added as stabilizers, and these probably oweThe 

activity to their action with (or, otherwise rendering inactive of) y 

decomposition catalysts which may be present. S ^ bsta . n f'^j tion 
freshly precipitated alumina or silica probably remove these deco P 
catalysts by an adsorption process. One of the best commonly applied 

stabilizers is acetanilide. . , ^ 

There is, however, no single “best” stabilizer for hydrogen peroxide 


HYDROGEN PEROXIDE • Ly 

solutions, and the most satisfactory guarantee of stability is the freedom 

of the peroxide from all impurities. 

The decomposition of hydrogen peroxide is strongly exothermic— 

2H 2 0 2 = 2H 2 0 + 0 2 + 46 900 cal. 

liquid liquid 

One litre of 90 per cent hydrogen peroxide on complete decomposition 
produces 589 g of oxygen and 801 g of steam. If the decomposition is 
carried out under adiabatic conditions (that is, with no escape of heat 
to the surroundings), the resulting temperature (as calculated) is about 
750°C, and the total volume of gas produced, measured at the same 
temperature and at atmospheric pressure, is the very considerable one 
of about 5000 litres and this considerable and rapid evolution of gas may 
be used for propellent purposes. In practice this rapid decomposition of a 
concentrated solution of hydrogen peroxide is effected by the use of small 
quantities of a decomposition catalyst, such as manganese dioxide, or 

sodium (or potassium) permanganate. 

The first practical application of concentrated hydrogen peroxide in 
this new role as a potential source of power was to use the resulting 
oxygen-steam mixture to drive a gas-turbine engine. Later improvements 
increased still further the motive power by injecting a liquid fuel, such as 
alcohol, into the oxygen-steam mixture. The resulting very rapid oxidation 
of the alcohol not only generates more heat but also increases the total 
volume of the issuing gases— 

C 2 H 5 OH + 30 2 = 2C0 2 1 + 3H 2 0 | 

liquid steam 

This hydrogen peroxide-liquid fuel combination was used by the Germans 
to provide jet propulsion in their V-2 rockets, etc., and towards the 
closing stages of the last War, 5000 h.p. gas-turbine engines were developed 
which would have been capable, for example, of driving a submarine under 
water without producing a gas-bubble wake, since the products of the 
reactions (C0 2 and H 2 0) are themselves soluble. 

Oxidizing Properties of Hydrogen Peroxide. Apart from the violent 
nature of the reactions which may occur with concentrated hydrogen 
peroxide solutions, the weaker aqueous solutions are also powerful 
oxidizing agents, but with the difference that there is no hazard in the use 
of the latter. A solution of hydrogen peroxide is particularly effective as 
an oxidizing agent when catalyzed by adding a small quantity of ferrous 
sulphate, although mineral acids also accelerate its oxidizing properties. 
The basic equation for the behaviour of hydrogen peroxide in oxidation 
reactions may be considered to be— 
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and the oxidizing properties considered to result from the additional 
atom of oxygen which the molecule of hydrogen peroxide possesses over 
that of water. 

Examples of hydrogen peroxide as an oxidizing agent include— 

(a) With acidified potassium iodide, iodine is liberated— 

H 2 0 2 + 2HI = 2H 2 0 + I 2 j 

(b) Black lead sulphide is converted into lead sulphate (white)— 

PbS + 4H 2 0 2 = PbS0 4 + 4H 2 0 

and this reaction is used to clean oil-paintings in which the white lead 
pigments have become darkened by sulphur compounds, such as sul¬ 
phuretted hydrogen, in the atmosphere. 

In general, when hydrogen peroxide behaves as an oxidizing agent on an 
inorganic compound dissolved in water, the resulting oxidation-reaction 
belongs to one of the following three types— 

(a) Change in valency. Examples of this type of reactivity are contained 
in the following equations— 

Na 3 As0 3 + H 2 0 2 = Na 3 As0 4 + H 2 0 

sodium arsenite sodium arsenate 

Na,S0 3 + H 2 0 2 = Na 2 S0 4 + H 2 0 
2FeS0 4 + H 2 S0 4 + H 2 0 2 = Fe 2 (S0 4 ) 3 + 2H 2 0 
2Cr(OH) 3 + 3H 2 0 2 = 2H 2 Cr0 4 + 4H 2 0 

chromic hydroxide chromic acid 

( b) Formation of a “ peroxide ” bond , —O—O—, without change of 
valency. Examples of this type of reactivity include the formation of 
barium peroxide with barium hydroxide— 

/° 

Ba(OH) 2 + H 2 0 2 = BaC | -f 2H 2 0 

x o 

and also the formation of pertitanates, permolybdates and perchromates. 
When hydrogen peroxide is added to an acidified solution of potassium 
dichromate, an unstable per chromic acid is produced. If the reaction is 
repeated in the presence of a little ether, then, after shaking and allowing 
the ether to separate as the upper layer, it will be found to have a beautiful 
blue colour, due to dissolved perchromic acid. This reaction is sufficiently 
sensitive to detect 01 milligrammes of hydrogen peroxide. Similarly, 
if hydrogen peroxide is added to a slightly acid solution of titanium sul¬ 
phate, Ti(S0 4 ) 2 , a yellow or orange-red coloration is produced, depending 
on the concentration of the hydrogen peroxide. This colour is due to the 
formation of a pertitanic acid , H 2 [Ti0 2 (S0 4 ) 2 ], and not as was originally 
supposed to the formation of a higher titanium oxide, such as Ti0 3 . This 
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is an extremely delicate test for hydrogen peroxide, being sensitive to 

about one part in 25 000 parts of water. 

(c) Formation of an addition-compound. When hydrogen peroxide is 
added to an aqueous solution of borax, the compound known as sodium 
perborate is formed. It is not, however, a true per-compound, but contains 
a molecule of hydrogen peroxide in very much the same way as hydrates 
contain molecules of water. Its structure is considered to be 
NaB0 2 . H 2 0 2 .3H 2 0. When it is heated in aqueous or acid solution, 

it liberates oxygen. 

Reducing Properties of Hydrogen Peroxide. It has been said that hydrogen 
peroxide behaves as an oxidizing agent by virtue of the reaction— 

h 2 o 2 = h 2 o + o 


The O is the effective agent which oxidizes (and is therefore absorbed by) 
the other substance, so that no oxygen gas is liberated. Hydrogen peroxide 
also reacts with certain compounds which are themselves oxidizing agents, 
and in these reactions, the hydrogen peroxide apparently behaves as a 
reducing agent. In all these reactions, however, oxygen is evolved as a 
gas, and it therefore appears more correctly that the odd oxygen atom of 
the hydrogen peroxide molecule oxidizes the odd oxygen atoms of the 
other oxidizing agents, as for example in its reaction with ozone— 


0 = 0 - 


Other reactions of this type include— 

(a) Oxides of silver, gold, manganese, etc., are reduced to the metal— 

Ag 2 0 + H 2 0 2 = 2Ag i + H 2 0 + O a t 
Au 2 O s 4- 3H 2 0 2 = 2Au i + 3H 2 0 + 30 2 t 

If hydrogen peroxide is added to a solution of gold chloride, a colloidal 
solution of very finely divided gold is obtained, which appears greenish- 
blue by transmitted light, and brown by reflected light— 

2AuC 1 3 4- 3H 2 0 2 = 2Au 4- 6HC1 + 30 2 1 

(b) Manganese dioxide and lead dioxide are similarly reduced in acid 
solution— 

Mn0 2 T H 2 S0 4 4~ H 2 0 2 = MnS0 4 4~ 2H 2 0 4~ 0 2 f 

Pb0 2 4- H 2 0 2 = PbO 4 - H 2 0 4- 0 2 f 

In alkaline solution, however, manganous oxide is oxidized to manganese 
dioxide. 

(c) A solution of potassium permanganate in acid solution is rapidly 
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decolorized by a solution of hydrogen peroxide with evolution of 
oxygen— 

2KMn0 4 + 3H 2 S0 4 = K 2 S0 4 4- 2MnS0 4 + 3H 2 0 + 50 
5H 2 0 2 + 50 = 5H 2 0 + 50 2 f 

2KMn0 4 + 3H 2 S0 4 4- 5H 2 0 2 = K 2 S0 4 4- 2MnS0 4 4- 8H 2 0 4- 50 2 1 

The net reaction, as described in the last equation, offers a convenient 
method for determining the concentration of hydrogen peroxide solutions 
by the methods of volumetric analysis. Standard potassium permanganate 
solution is run in from the burette into a measured volume of the hydrogen 
peroxide solution to which sulphuric acid has been added. The end-point 
of the titration is indicated by the first appearance of a permanent pink 
coloration. 

(, d ) A solution of potassium ferricyanide in acid solution is reduced to 
potassium ferrocyanide when treated with hydrogen peroxide. Oxygen 
is liberated at the same time— 

2H 3 [Fe(CN) 6 ] 4- H 2 0 2 = 2H 4 [Fe(CN) G ] 4- O 

H 2 0 2 4- O = H 2 0 4- 0 2 
2H 3 [Fe(CN) 6 ] 4- H 2 0 2 = 2H 4 [Fe(CN) G ] 4- 0 2 t 


Detection of Hydrogen Peroxide 

(a) Perchromic Acid Test. A few drops of potassium dichromate solu¬ 
tion are added to an acidified solution of hydrogen peroxide and ether, 
and the mixture gently shaken. The ether is then allowed to separate as an 

upper layer, which is blue in colour. . 

(, b ) Titanium Sulphate Test. Hydrogen peroxide added to a solution ot 

titanium sulphate produces a yellow to orange-red coloration depending 
on the concentration of the hydrogen peroxide. The titanium sulphate 
reagent may be prepared by fusing titanium dioxide, Ti0 2 , with potassium 

bisulphate, cooling, and dissolving in water. 

(c) Potassium Permanganate Test. Hydrogen peroxide decolorize 
acid solution of potassium permanganate in the cold with evolution o 


\d) Lead Sulphide Test. Hydrogen peroxide oxidizes lead sulphide wh c 
is black in colour to the white lead sulphate. The test is most easily carried 
out by drop-wise addition of the hydrogen peroxide to a test-paper 

impregnated with lead sulphide. u,,Hrr»apn 

Determination of Hydrogen Peroxide “Strength. The y ' g 

peroxide solution, if necessary diluted in a definite ratio, is a = ldl ^ e . 
sulphuric acid and titrated against a standard solimon of potassium 
permanganate as described above. The normality of the dil Y 8 
peroxide solution is then calculated in the usual way. Let it be U-i rx. 
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The fundamental equation— 

h 2 o 2 = h 2 o]+ 0 

# 

shows that one molecule of H 2 0 2 is equivalent to one atom of oxygen (and 
hence to two atoms of hydrogen), so that a normal solution of hydrogen 
peroxide contains 17 g of the latter per litre. The OT N solution therefore 
contains 1*7 g H 2 0 2 per litre. 

The reaction involved in the expression “volume strength” is— 

2H 2 0 2 = 2H 2 0 + O a t 


from which it is seen that 68 g of hydrogen peroxide can produce 22-4 litres 
of oxygen gas, measured at S.T.P., on complete decomposition. Therefore, 


a litre of 01 N hydrogen peroxide will produce 


22-4 

68 


x 1*7 = 0-56 litres 


of oxygen under the same conditions. If the original hydrogen peroxide 
solution was diluted to n times its original volume, then 0-5 6n litres of 
oxygen would be produced by the complete decomposition of one litre 
of the original solution, so that its volume strength is “0-56 
Formula of Hydrogen Peroxide. The following two formulae have been 
suggested for hydrogen peroxide— 



Formula I has now been established as the true formula for anhydrous 
hydrogen peroxide. Thus, chlorosulphonic acid reacts smoothly with 
anhydrous hydrogen peroxide to form perdisulphuric acid, which has the 
peroxide structure, as revealed by X-ray crystal structure analysis of 
potassium persulphate. 


HO . OoS- 



-O—O- 



-SOoOH 


HO . 0,S—O—O—SO.OH -f 2HC1 


Measurements of the dipole moments, and examination of the infra-red 
absorption spectrum of anhydrous hydrogen peroxide both confirm 
formula I, and have shown that the structure consists of a skewed arrange¬ 
ment of the hydrogen and oxygen atoms, that is, the molecule is both 
non-linear and non-planar. 

Formula II. In aqueous solution , the following tautomeric equilibria 
probably occur, as a result of the feeble ionization of the (H0 2 )~ anion— 
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so that both forms of hydrogen peroxide probably occur in aqueous 
solutions. Note that both forms produce the same anion (HO^ - . 

Uses of Hydrogen Peroxide. Concentrated solutions (about 90 per 
cent) are used in conjunction with liquid fuels such as methyl alcohol and 
hydrazine hydrate and suitable decomposition catalysts to provide power 
for “jet” propulsion in rockets, torpedoes, etc. Smaller quantities are used 
in certain explosive compositions. 

The weaker commercial solutions find many uses such as— 

(a) Antiseptic purposes in hospitals (treatment of wounds, etc.) and in 
many toilet preparations. Peroxides, perborates and persulphates find 
similar usage. 

( b ) As a bleaching agent, particularly for wool and other animal fibres, 
(furs, etc.), for which large quantities are required. 

(c) In the treatment of paintings and other works of art which have 
darkened due to the conversion of the lead pigments into black lead 
sulphide. 

(< d) To prevent milk turning sour. The addition of quite small quantities 
of hydrogen peroxide to keep milk fresh during hot and thundery weather 
has not yet been adopted in this country, although it is practised in such 
countries as Italy. Stabilizers, such as fluorides should of course be 
absent from the hydrogen peroxide, because of their poisonous nature. 

OZONE 

In 1785 Van Marum noticed that the atmosphere in the neighbourhood of 
an electrical generator possessed a fresh penetrating odour, resembling that 
of very dilute chlorine. Schonbein subsequently (1840) showed that the 
odour was due to a new substance which he called ozone. 

Just as hydrogen peroxide is produced in small quantities whenever 
atomic hydrogen is liberated in the presence of oxygen, so also is ozone 
produced in small quantities when atomic oxygen is liberated in t e 
presence of oxygen— 

H + 0 2 + H -> (H—O—O—H) or H 2 0, 

O + 0 2 (0-«-0=0) or 0 3 

ozone 

Thus small quantities of ozone are formed when oxygen is exposed to 
ultra-violet radiation, as in the upper atmosphere. It is also formed in 
electrolysis of acidulated water, for example, during the electrolysis 
dilute sulphuric acid, particularly if the current density at the platinu 
anode is increased by restricting the size of the platinum. It is forme 
many chemical reactions, such as the slow oxidation of white phosp or , 
the reaction of fluorine on water (when the liberated oxygen may con 
up to 14 per cent of ozone), and in the slow oxidation of many essen i 
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oils in the presence of air and moisture. The “Sanitas” group of disin¬ 
fectants owe their effectiveness to the formation of ozone as the essential 
oils present slowly oxidize in air. 



Preparation of Ozone. Ozone is most conveniently prepared by the 
action of a silent electric discharge on dry air or oxygen, the essential 
reaction being— 

o 2 + O = o 3 

atomic 

The original Siemens Ozonizer , 
shown in the accompanying dia¬ 
gram, consists of two coaxial 
glass-tubes through which a cur¬ 
rent of dry air or oxygen may be 
passed. The outside of the outer 
glass-tube and the inside of the 
inner glass-tube are each coated 
with tin-foil, which are them¬ 
selves connected to a suitable in¬ 
duction coil. On passing a silent 
electric discharge between these 
two plates, some conversion of 
the oxygen to ozone occurs, and 
the issuing gas may contain up 
to about 8 per cent ozone. 

The BrocJie Ozonizer works on 

the same principle, except that _ 

lh e two tin-foil plates are re- FlG . 225 . Brodie Ozonized 

placed by suitable conducting 

solutions, such as sulphuric acid or aqueous copper sulphate, in which 
are immersed two suitable electrodes connected to the induction coil. 

If the resulting ozonized oxygen is passed through a condenser cooled 


induction 

«r Coil 


Ozone+Oxygen 5 : 
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in liquid oxygen, a solution of ozone in liquid oxygen is produced, and 
from this deep-blue liquid, ozone may be obtained on evaporating off the 
oxygen. 

Properties of Ozone. Ozonized air or oxygen has an unpleasant 
penetrating smell, reminiscent of dilute chlorine. In very small concentra¬ 
tions it has a refreshing effect when breathed, but higher concentrations 
cause head-aches and sore throats. It may be obtained, as described above, 
as a liquid with a deep blue colour, boiling at — 119°C. In the liquid 
state, it is said to be explosive, although in the complete absence of dust or 
organic matter it may be vaporized without appreciable decomposition. 
It is rather more soluble than oxygen in water to which it imparts a dis¬ 
agreeable taste and smell. When used to sterilize drinking water, a 
practice adopted for example in some parts of France, it is therefore 
necessary to aerate the water to make it palatable again. 

Decomposition. The reaction— 

30 2 ^ 20 3 — 68 000 cal. 

is reversible and strongly endothermic. Considerations of Le Chatelier’s 
Principle suggests that the equilibrium yield of ozone may be increased 
by increase of pressure and by increase of temperature. Thus, the equili¬ 
brium proportion of ozone increases from 0-1 per cent at 2 200°C to about 
1 per cent at 3 200°C, and still higher proportions would be produced at 
higher temperatures. In the methods for preparing ozone described above, 
the proportion of ozone produced at ordinary temperatures is consider¬ 
ably higher than these equilibrium values suggest. This apparent anomaly 
is due to the fact that the ozone is in these cases prepared, not by the reac¬ 
tion of oxygen molecules with themselves, but rather by the reaction of 
oxygen molecules with oxygen atoms, the latter being produced by the 
silent electric discharge or other process. 

o 2 + o = o 3 

The resulting ozone then tends to decompose in accordance with the 
equilibrium— 

20 3 ^ 30 2 

until the equilibrium concentration pertaining to the particular tempera¬ 
ture conditions is reached. At ordinary temperatures this concentration 
is negligible. That the ozone does not decompose rapidly at ordinary 
temperatures, however, is due to the effect of temperature on the time 
required to reach the above equilibrium state. As a general rule it may e 
stated that increasing the temperature by about 10 c C approximate y 
doubles the speed of a gaseous reaction, and since this rule applies to o 
the forward and reverse reactions involved in the above equilibrium, su 

a temp erature increase has the effect of halving the time to reach equili nu 
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Conversely, reducing the temperature by about 10*C approximately 
doubles the time to reach equilibrium, so that although ozone decomposes 
rapidly at about 300°C, at 0°C the time required would be approximately 
2 30 (that is, about 1 000 000 000) times as long. It follows, therefore, that 
in the electrical discharge method for producing ozone the temperature 
should be kept as low as possible to prevent too rapid a decomposition of 
the ozone. Commercial ozonizers are therefore air or water cooled. 

The rapid decomposition of ozone which occurs in the presence of 
certain substances is explained as follows. 

The rate of a reaction may also be considerably increased by increasing 
the temperature and also by the action of a catalyst. A catalyst is a sub¬ 
stance which speeds up the rate of a reaction without itself being chemically 
changed at the end of the reaction. In the case of a reversible reaction, the 
rates of both the forward and reverse processes are increased by the same 
amount so that the position of equilibrium remains the same as it would 
be in the absence of the catalyst. It has been stated, however, that the 
percentage of ozone in equilibrium with oxygen at ordinary temperatures 
is negligible, and this explains why some substances can very rapidly 
decompose ozone at ordinary temperatures. They so speed up the rates 
of the forward and reverse reactions, that the equilibrium is produced very 
rapidly and the ozone is said to have been catalytically decomposed. De¬ 
composition catalysts for ozone include finely divided metals, such as 
platinum, silver and palladium, various metallic oxides, such as those of 
manganese, iron, silver and lead, and most forms of dust including finely 
powdered glass. 

With metallic silver and mercury, the decomposition probably involves 
the intermediate formation of the metallic oxide. Thus, when a globule of 
mercury is exposed to ozonized oxygen, it loses its lustre and wets the 
glass with a film which consists probably of very finely divided mercury. 

Hg + 0 3 = HgO + 0 2 t 
HgO + 0 3 = Hg + 20 2 t 

This “tailing” of mercury is destroyed by shaking with water, and the 
original lustre restored. If a piece of freshly cleaned silver foil be heated 
in the bunsen flame before exposure to ozonized oxygen, it rapidly 
darkens, possibly due to the formation of an unstable silver oxide or 
peroxide which decomposes to form a very finely divided deposit of 
silver metal. 

Oxidizing Properties of Ozone. Ozone is a powerful oxidizing agent, 
although its reactivity is of course limited by its existence only in rela¬ 
tively low concentrations. It liberates iodine from potassium iodide 
solutions (moistened starch-iodide paper is quickly turned blue)— 

2KI + H 2 0 + 0 3 = 2KOH + 0 2 t + I 2 


2 4—(T.447) 
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oxidizes several metallic sulphides to sulphates— 

PbS + 40 3 = PbS0 4 + 40 2 f 

and converts ferrous salts to ferric salts and ferrocyanides to ferri- 
cyanides— 

2FeS0 4 + H 2 S0 4 + 0 3 = Fe 2 (S0 4 ) 3 + 0 2 f + H 2 0 
2K 4 [Fe(CN) 6 ] + H 2 0 + 0 3 = 2K 3 [Fe(CN) 6 ] + 2KOH + 0 2 f 

In these reactions it will be noted that the ozone behaves as if it were 
a carrier of atomic oxygen, as suggested by liberation of oxygen gas— 

o 3 = o 2 + o 

Although ozone reacts in the same way with peroxides, such as hydrogen 
and barium peroxides, it does not (contrast hydrogen peroxide) react with 
chromic acid nor with potassium permanganate. 

Ba0 2 + 0 3 = BaO -f- 20 2 f 
H 2 0 2 “I - 0 3 — H 2 0 -f - 20 2 f 

In some of its reactions, however, the whole of the ozone molecule is 
absorbed and no oxygen is evolved. Examples of this type of reactivity 
are shown with sulphur dioxide and with stannous chloride— 

3S0 2 + 0 3 = 3S0 3 

3SnCl 2 + 6HC1 + 0 3 = 3SnCl 4 + 3H 2 0 

and also with many unsaturated organic compounds (see p. 872 for dis¬ 
cussion of unsaturation as applied to organic compounds). In the latter 
reactions, the molecule of ozone adds on directly at the double-bond to 
form a class of compounds which are known as ozonides. These are decom¬ 
posed by water to form hydrogen peroxide. 



The solution of ozone in turpentine, cinnamon oil, benzene, etc., are a 
reactions of this type. The reaction is often used as a test of unsatura ion 

in an organic compound. 
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Formula of Ozone. The determination of the formula of ozone may be 
divided into two parts— 

(a) to show that oxygen is the only element involved, and 

(b) to show that the formula is 0 3 . 

That ozone contains only oxygen was established by several investigators, 
and particularly by Andrews and Tait in 1860, and by Soret in 1863. The 
former investigators observed the contraction in volume which took 
place when pure dry oxygen was exposed to a silent electric discharge in 
a closed tube provided with a mercury manometer. A maximum contrac¬ 
tion of one-twelfth was noted. On heating the tube to about 300°C (to 
destroy the ozone) and again cooling to room temperature, the volume 
was restored to its original value. The experiment was then repeated up to 
the stage of observing the contraction after passing the silent electric 
discharge, and then a small sealed tube containing potassium iodide 
solution was broken inside the main tube. Iodine was produced without 
further change in volume. That the iodine was produced by reaction with 
the ozone was then shown by repeating the heating to 300 C. No increase 
in volume occurred, showing that the whole of the ozone had been 
destroyed by reaction with the potassium iodide, and it was concluded 
therefore that ozone is a form of oxygen. This conclusion was confirmed 
by Soret in 1863. 

Odling suggested that the reason why no change in volume resulted on 
adding the potassium iodide in Andrews and Tait's experiment was due to 
the reaction— 

2KI + 0 3 (1 volume) + H.,0 = 2KOH 1 0 2 (1 volume) -F I 2 

in which ozone has the formula 0 3 . It was left to Soret in 1866, however, 
to establish that the formula is actually 0 3 . He took two equal samples of 
the same specimen of ozonized oxygen in two suitably graduated glass 
tubes, as shown in the diagrams (Fig. 226). Since any mixture of gases 
must be uniform in composition, it followed that each of his samples of 
ozonized oxygen contained the same volume of ozone. He determined 
this volume of ozone by introducing a small quantity of turpentine or 
cinnamon oil into one of the tubes, the change in volume being equal to 
the volume of ozone present. The second tube was then heated to about 
300 C (to decompose the ozone), and on cooling it was found that the 
volume increase was equal to one-half of the contraction in the first tube. 
It therefore followed, as shown in the diagrams, that two volumes of ozone 
produce three volumes of oxygen, whence, by Avogadro’s hypothesis— 

2 molecules of ozone -> 3 molecules of oxygen 

20 z = 30 2 

and the formula of ozone is “0 3 ” 
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Strictly speaking, therefore, 
structures have been suggested- 


ozone is a polymer of oxygen. Two 


O—O 


0=0->0 and 


(I) 


O 

(II) 


The evidence favours the first of these two formulae. Thus the infra-red 


Volume of ozone ] 
found by I f*" ~ 

contn 7 ction on 1. 

adding turpentine 
equals 2x J 


mm 


Original 
~Volume 



( Total volupne of Oxygen 
produced by heating 
2x volumes of ozone 
equals Jx 


Fig. 226. Formula of Ozone 


spectrum of ozone has nothing in common with that of cyclo-propane 

ch 2 —ch 2 

\/ 

ch 2 

but does resemble those of nitrogen peroxide and nitrosyl chloride, NOC1. 
The molecule is not however straight as suggested by formula I. since 
electron diffraction measurements have shown the angle between the 
three oxygen atoms to be about 127°. Ozone is therefore considered to 
be a resonance hybrid of the two forms— 

°\ 0+ /°" ^ °\ +0 /° 

Detection and Estimation of Ozone. The reaction of ozone with starch- 
iodide paper is not specific for ozone. The halogens, hydrogen peroxide, 
and some oxides of nitrogen (N 2 0 3 , N0 2 and N 2 0 4 ) also liberate iodide 
from potassium iodide. 

Test-papers soaked in an alcoholic solution of tetramethyl base (tetra- 
methyl-diamino-diphenylmethane) are turned violet by ozone, deep blue 
by chlorine or bromine, and straw-yellow by oxides of nitrogen; hydrogen 
peroxide has no action. 
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Ozone may be distinguished from hydrogen peroxide vapour by the 
fact that the latter decolorizes acidified potassium permanganate, and also 
forms the blue perchromic acid with acidified potassium dichromate. 

Ozone may be estimated by passing the gas through a neutral solution of 
potassium iodide, and titrating the liberated iodine after slight acidification 
with a standard solution of sodium thiosulphate using starch indicator. 

Uses of Ozone. Ozonized air is sometimes used in the treatment of 
potable water supplies for the purpose of sterilizing the water and oxidizing 
organic matter. It is also used to purify air in confined spaces, and is for 
example used for this purpose in the London Underground railways. It 
has been used for bleaching paper-pulp, ivory and flour, and in the 
manufacture of linoleum from linseed oil. 

SULPHUR 

Occurrence. Sulphur occurs extensively in nature, both in the free 
(or native) form and also in the combined state. The native deposits 
are mainly found in the porous limestone deposits of Texas and Louisiana, 
and also in the volcanic regions of Sicily. Of the many forms in which 
combined sulphur occurs in nature, mention may be made of the mineral 
sulphides , such as Galena, PbS, Iron Pyrites, FeS 2 , Zinc Blende, ZnS, and 
Cinnabar, HgS, and also of the sulphates , such as Gypsum, CaS0 4 .2H 2 0, 
Barytes, BaS0 4 , Epsom Salts, MgS0 4 .7H 2 0. 

Extraction. The following are the principal present-day processes— 

(a) From the natural deposits in Texas and Louisiana by the Frasch 
Process. 

(b) From the volcanic deposits in Sicily by the Sicilian Process. 

(c) From industrial gases containing sulphur dioxide produced in the 
roasting or smelting of sulphide ores, e.g. zinc blende. 

(d) From fuel gases, by conversion of the sulphuretted hydrogen into 
free sulphur. 

Frasch Process. Some 90 per cent of the world’s supply of free sulphur 
is now obtained from the Texas and Louisiana deposits by this process. 
The sulphur occurs in sulphur-bearing porous limestone formations which 
occur from 500 to 1500 ft below the surface. The obvious process of mining 
the ore proved impracticable due to the difficulties of sinking shafts 
through water-logged sands, clay and rock strata, and by the considerable 
amounts of sulphur dioxide and sulphuretted hydrogen gases which were 
encountered. The problem of how to recover the sulphur was eventually 
solved towards the end of the last century by Hermann Frasch, who 
conceived the idea of melting the sulphur by forcing superheated water 
into the sulphur-bearing strata and then pumping the liquid sulphur to 
the surface. 

Ordinary oil-well equipment is used to bore holes to the bottom of the 
sulphur-bearing strata, and a “nest” of three (or four) concentric pipes, 
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varying in size from 6 in. to 1 in. diameter then inserted as shown in the 
accompanying diagram. The outside pipe passes through the sulphur- 
containing limestone, and rests on the upper portion of the solid anhydrite 
(CaS0 4 ) rock. A 3-in. pipe passes inside the 6-in. pipe and rests on a collar 
which seals the annular space between the 6-in. and 3-in. pipes. An air- 
pipe, 1 in. in diameter and concentric with the others, opens into the space 
above this collar. The 6-in. pipe is perforated at two different levels, one 
immediately above and the other below the annular collar. 


I I 



Fig. 227. Frasch Process 

Superheated water at about 165°C under a pressure of 10-18 atmospheres 
is forced down the outer annular pipe (or outer two pipes, if a nest of four 
concentric pipes be used) and discharges through the upper perforations 
into the porous formation near the foot of the well. The sulphur is there y 
melted and collects as a liquid around the base of the well. It enters t e 
pipes through the lower perforations and rises in the space between tne 
3-in. and 1-in. pipes. Air compressed to about 35 atmospheres pressure is 
then forced down the inner pipe and mixes with the liquid sulphur to or 
an aerated sulphur-water emulsion which rises to the surface. T e ou 
superheated water jacket, in the space between the 6-in. and 3-in pip , 
not only supplies the heat for melting the sulphur, but a so e 
necessary to keep this ascending emulsion fluid on its way to e su 
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At the surface, the sulphur is collected in steam-heated pans, and then 
pumped through pipes, heated by an inner steam-pipe, into large storage 
vats where the sulphur solidifies to produce blocks of 99-5 per cent pure 
sulphur, often up to a quarter of a mile long and over 50 ft in height. New 
sulphur wells are started as the old ones become dry, so that the industry 
is essentially an intermittent one, in which the accumulation of large 
stocks ensures a continuous supply in spite of delays in locating new wells, 
delays which may last as long as six months. 

The sulphur so produced is extremely pure, 99-5 per cent or more and 
requires no further purification. 

Sicilian Process. For a long time the only source of free sulphur, this 
process has now very largely been eclipsed by the Frasch Process. The 
volcanic rock, containing up to 25 per cent of free sulphur is stacked in 
brick kilns, known as “calcaroni,” built on sloping hill-sides. Air-holes 
are provided during the stacking, and a covering of powdered ore completes 
the assembly. The kiln is lighted at the top, and the heat liberated by the 
burning sulphur melts the remainder which collects at the lowest point of 
the kiln. The kilns are periodically tapped and the sulphur allowed to 
run out and solidify in wooden moulds. The sulphur so obtained is far 
from pure and has to be purified by distillation, a process which, owing to 
the absence of coal in Sicily, is more economically effected by exporting the 
crude sulphur to Marseilles, where it is refined. 

The considerable wastage of sulphur in the old calcaroni method has 
led to various modifications with the object of utilizing to the full the heat 
liberated by the burning sulphur. In the Gill modification, six closed 
brick chambers are arranged in a circle, and are so connected that the hot 
gases from one kiln pass into the next and so on. The otherwise waste 
heat is thus used to heat up fresh rock, and the yield of sulphur is thereby 
increased. 

The purification of the impure sulphur is carried out by distillation. The 
sulphur vapour is condensed in large brick-work chambers. At first, when 
the walls are cold, the sulphur condenses as the familiar flowers of sulphur 
(and may be removed), but later, as the brick-work heats up to above 
120 C, the condensate remains liquid and collects on the floor of the 
chambers, from which it is periodically tapped and allowed to run into 
moulds to form roll-sulphur or brimstone. 

Sulphur Dioxide Process. On roasting sulphide ores, such as lead, zinc, 
copper and iron sulphides in the recovery of these metals, considerable 
quantities of sulphur dioxide gas are evolved. Some of this gas is used 
directly in the manufacture of sulphuric acid, but much which was formerly 
allowed to escape into the atmosphere is now treated to recover the sulphur, 
and constitutes a very important source of this element, particularly in 
those countries which do not possess natural deposits of free sulphur. The 
recovery process may be considered in two stages; first, concentration of 



734 


THE ELEMENTS OF GROUP VI 


the sulphur dioxide to practically 100 per cent S0 2 , which, in the second 
stage, is then converted into free sulphur. 

(a) Concentration of the Sulphur Dioxide — 

(i) At Billingham, a solution of basic aluminium sulphate is treated 
with sulphur dioxide to produce a sulphite-bisulphite solution which 
possesses the property of dissolving more S0 2 in the cold and liberating 
it later when the solution is heated. 

(ii) Alternatively, the furnace gases are passed into a solution of 
ammonium sulphite to form ammonium bisulphite, and this, when 
subsequently treated with concentrated sulphuric acid, liberates a 
100 per cent sulphur dioxide. 

(NH^SOa + SO, + H 2 0 = 2NH 4 HS0 3 

2NH 4 HS0 3 + H 2 S0 4 = (NH 4 ) 2 S0 4 + 2H z O + 2SO a f 

(< b ) Sulphur from Concentrated Sulphur Dioxide. The sulphur dioxide 
is passed through a bed of white-hot coke at a temperature of about 
1000-1100°C— 

so 2 -f c = co 2 -}- s 

The reaction is exothermic, so that once this temperature is reached, no 
further external heating is required. The sulphur distils over and is 
condensed to produce 99-99 per cent commercial brimstone. 

Sulphuretted Hydrogen Process. Most gaseous fuels (coal-gas, water-gas, 
producer-gas, etc.) contain more or less sulphuretted hydrogen. Thus, 
coal gas may contain up to 2 per cent H 2 S as it leaves the retorts. This 
sulphuretted hydrogen is removed in most gas works by passing the gas 
through a series of boxes containing hydrated iron oxide— 

Fe 2 O a . *H 2 0 + 3H 2 S = Fe 2 S 3 + (3 + *)H 2 0 

The ferric sulphide may be converted back to the hydrated oxide by 
moistening and exposure to the air— 

2Fe 2 S 3 + 30 2 + 2 xH 2 0 = 6S + 2Fe 2 0 3 . xH 2 0 

More usually, by the regulated introduction of about 2 per cent of air into 
the gas before passing over the iron oxide, the ferric sulphide first forme 
is converted back to ferric oxide with separation of free sulphur. Eventu¬ 
ally, a product containing as much as 60 per cent of free sulphur is obtaine 
This spent oxide is mostly used at the gas-works as a source of sulphur 
dioxide for the manufacture of sulphuric acid, but in Germany e 
sulphur is extracted by carbon disulphide and subsequently recovere 

^ Other methods for removing sulphuretted hydrogen from fuel gases and 
recovering the sulphur include the Thylox Process in which an aqueo 
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solution of arsenious oxide in sodium carbonate dissolves the sulphuretted 
hydrogen, and the solution on subsequent aeration deposits free sulphur. 
The reactions are complex, but are mostly simply represented by— 

Na 4 As 2 S 5 0 2 + H 2 S = Na 4 As 2 S c O + H 2 0 
2Na 4 As 2 S e O + 0 2 = 2Na 4 As 2 S 6 0 2 + S 

In the Ferrox Process a suspension of ferric hydroxide in a dilute 
solution of sodium carbonate is used to absorb the sulphuretted hydrogen. 
On aeration, the sulphur separates and may be floated off to leave the 
original solution. The net reaction may be depicted— 

2H 2 S + 0 2 = 2H 2 0 + 2S 

The Chance-Claus Process for the recovery of sulphur from the alkali- 
wastes of the now obsolete Leblanc Soda-Process is interesting although 
not of much practical importance to-day. Treatment of the alkali-waste 
(made into a sludge with water) with carbon dioxide converts the calcium 
sulphide first into calcium hydrogen sulphide and then into calcium 
carbonate with liberation of sulphuretted hydrogen— 

2CaS + C0 2 + H 2 0 = CaC0 3 + Ca(HS) 2 
Ca(HS) 2 + C0 2 + H 2 0 = CaCO a + 2H 2 S t 

The sulphuretted hydrogen is then mixed with an appropriate amount of 
air and burnt in a Claus Kiln containing ferric oxide which catalyzes the 
reaction— 

2H 2 S + 0 2 = 2H 2 0 4- 2S 

Uses of Sulphur. The most extensive use of sulphur is in the manu¬ 
facture of sulphuric acid, but considerable quantities are used in the 
manufacture of explosives (gunpowder, propel ents, pyrotechnics), in the 
vulcanizing of rubber, in the manufacture of matches, of sodium bisulphite 
used in paper manufacture, in the fine-dust form or as polysulphides as 
contact insecticides, and also for dusting sand-moulds in the manufacture 
of magnesium alloy castings. 

Physical Properties of Sulphur. The properties of sulphur are largely 
determined by the form in which it is obtained. Flowers of Sulphur and 
Roll Sulphur are familiar commercial varieties, produced in the purifica¬ 
tion of the crude sulphur, and must not be confused with the pure allo- 
tropic varieties, such as rhombic and monoclinic described below. In 
general, sulphur may be described as a pale yellow solid, which boils 
at 444-6 c C. Its melting point is less definite, and may vary from 112-8°C in 
the case of rhombic sulphur to 119-25°C in the case of monoclinic sulphur. 
All varieties are insoluble in water, and only the crystalline forms are 
soluble in carbon disulphide and sulphur monochloride (S 2 C1 2 ) liquids. 
Exceptions to these general remarks will be further discussed in connexion 
with the allotropy of sulphur. 
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The Allotropy of Sulphur 

The existence of an element in more than one physical form is termed 
allotropy , and we speak of the allotropic forms of that element. Thus, 
diamond and graphite are allotropic forms of the element carbon, whilst 
the allotropic varieties of phosphorus include red, white and black 
phosphorus. The term allotropy is sometimes however applied in a wider 
sense to include compounds which occur in different crystalline forms, 
but modern practice inclines to the use of the term polymorphism iiyuch 
cases. Thus we speak usually of the polymorphism of mercuric iodide, 
or of ammonium nitrate, etc., rather than of their allotropy. 

Three types of allotropy are recognized; namely, enantiotropic, 
monotropic, and dynamic allotropy. Examples of all three occur in the 
allotropy of sulphur and will be discussed as they arise. Sulphur occurs 
in four different crystalline forms, namely, rhombic, monoclinic, nacreous 
and tabular sulphur. 

Rhombic Sulphur (known also as a-sulphur, or rhombohedral sulphur) 
is the stable form of sulphur at ordinary temperatures. It is prepared by 
allowing a solution of sulphur in carbon disulphide to crystallize by 
evaporation. The small yellow rhombic crystals obtained melt at 112-8 C 
if heated quickly, but if heated slowly then at 96°C a change to the second 
allotropic form, monoclinic sulphur, tends to occur, the melting point 
of which is at 119°C. Below 96°C, the change is reversed, and monoclinic 
sulphur tends to change to rhombic sulphur, thus— 

96°C 

Rhombic sulphur ^===* Monoclinic sulphur 

Only at 96°C are both forms equally stable; above this temperature 
monoclinic sulphur is stable and rhombic sulphur is unstable, but below 
this temperature the stabilities are reversed. 96°C is accordingly known 
as the transition temperature for the change rhombic <—* monoclinic 
sulphur. 

Consider the vapour pressure diagram of sulphur (Fig. 228). Since 
the form having the lower vapour pressure is always the more stable form, 
the change in the relative stability of the two forms in passing throug 
96°C is clearly due to the two vapour pressure curves intersecting at this 
temperature. This type of allotropy in which the two vapour pressure 
curves intersect below the melting point of both forms is known as 
Enantiotropic Allotropy , and implies the existence of a definite transition 

temperature at which a change in the solid state occurs. . 

Monoclinic sulphur (known also as /2-sulphur, or prismatic su p ur . 
Since monoclinic sulphur is only stable between the temperatures o 
and 119°C (its melting point), it follows that it can only be prepared between 
these limits. The usual method is to allow molten sulphur to cool slow y, 
for example, in a large evaporating basin. As soon as a solid crust orm 
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it is pierced by two small holes, diametrically opposite, through one of 
which any remaining liquid sulphur is quickly poured off. The crust is 
then removed to reveal long needle-like crystals of monoclinic sulphur. 

Nacreous and Tabular Sulphur are two further crystalline forms of 
sulphur, which are both somewhat difficult to prepare. They are unstable 
at all temperatures and slowly revert to the rhombic or monoclinic forms 
depending on whether the temperature is below or above 96 C. Nacreous 
sulphur is deposited in pearly crystals when a solution of sulphur in 
benzene or turpentine is rapidly cooled. Both are monotropic allotropes of 
sulphur, but the student is referred to the allotropy of phosphorus and to 
p. 162 for a fuller discussion of monotropic allotropy. 



Fig. 228. Vapour Pressure—Temperature Diagram for 

Rhombic and Monoclinic Sulphur 

Behaviour of Sulphur on Heating. When heated slowly, sulphur first 
melts to a pale-yellow liquid. As the temperature of this liquid is increased 
two changes appear to occur. The colour reddens and ultimately becomes 
so dark as to appear almost black at the boiling point, 444-6°C. This 
colour change is accompanied by an unexpected change in viscosity which 
has only been satisfactorily explained in recent times. The liquid sulphur 
increases in viscosity until at about 180°C it is so viscous that it cannot be 
poured. With further increase in temperature, the viscosity again slowly 
decreases, so that near the boiling point the sulphur behaves as a normal 
mobile liquid. 

The original explanation of this behaviour assumes the existence of three 
liquid allotropic varieties of sulphur, known as 2-sulphur (lambda), 
//-sulphur (mu), and 7r-sulphur (pi). Liquid sulphur near the melting 
point was considered to be mainly 2-sulphur. With increase in temperature, 
the proportion of //-sulphur in equilibrium with the 2-sulphur increased 
and the solution became increasingly viscous. The later decrease in 
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viscosity with further increase in temperature then resulted from a pro¬ 
gressive increase in the third variety, namely, 77 -sulphur. Thus Plastic 
Sulphur , produced by rapidly cooling molten sulphur from a temperature 
near the boiling point, for example, by pouring into water, was considered 
to consist mainly of 7r-sulphur. 

This behaviour in which two or more different allotropic forms may 
exist together in stable equilibrium over a range of temperatures, the 
proportions only varying with change in temperature, is known as Dynamic 
Allotropy. 

The modern explanation of the behaviour of sulphur on heating is 
based on the evidence of X-ray crystal structure analysis. Both rhombic 
and monoclinic sulphur have the molecular formula S 8 , in which the 
eight atoms are arranged in the form of a puckered ring, thus— 



Fig. 229. S 8 Molecule (. see page 71) 


These rings remain unbroken when sulphur is first melted, but with increase 
in temperature and hence increase in vibrational energy, the rings open to 
form long zig-zag chains of sulphur atoms, thus— 



The increase in viscosity is attributed to the entanglement of these chains 
with other similar chains. With further increase in temperature, these 
chains tend to disintegrate until at the boiling point, the molecular formu a 
is mainly S 2 . This progressive disintegration is accompanied, as mig 
be expected, by a decrease in viscosity. If sulphur near the boiling poin 
be rapidly cooled, the eight-membered rings of rhombic and monoc inic 
sulphur do not have time to form, and although association of the 2 
molecules to form S 4 , S 6 and S 8 chains occurs, these will be mainly in a 
intertwined random state, and the resulting solid sulphur is 
eventual change of plastic sulphur to rhombic sulphur is due o 
chains sorting themselves out and reforming the eight-membered r g 
structures. Plastic sulphur is thus a rubbery solid, due to its en ang 

structure, and is insoluble in carbon disulphide. -_ 

Amorphous Sulphur. When sulphur is suddenly precipi a ^ ne 
solution as the result of a chemical reaction, it assumes a non- y 

(amorphous) finely divided form. Sometimes the P articles , be 

so finely divided that they form a colloidal solution, ^ich canno^ be 

separated by simple filtration. Such is the case when an a t uj osu inhate 
of sulphur is poured into water, when a solution of sodium thi p 
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is acidified, or when sulphuretted hydrogen is passed into a saturated 
solution of sulphur dioxide— 

Na^0 3 + 2HC1 = 2NaCl + S0 2 t + H 2 0 + S | 

thiosulphate 

2H 2 S + S0 2 = 2H 2 0 + 3S | 

When a solution of sodium or ammonium polysulphide is acidified, then, 
particularly if the solution is dilute, the particles of sulphur are so small 
that the resulting solution , known as milk of sulphur appears to be almost 
white in colour. 

Na 2 S 5 + 2HC1 = 2NaCl + H 2 S + 4S 

Chemical Properties of Sulphur. Sulphur combines directly with most 
metals on heating to form the sulphides, for example, Cu 2 S, Ag 2 S, FeS, 
SnS, etc. A mixture of iron powder and sulphur when heated to initiate 
the reaction becomes incandescent due to the exothermic nature of the 
reaction— 

Fe + S = FeS 

The resulting compound ferrous sulphide is used extensively in most 
laboratories to generate sulphuretted hydrogen. 

Sulphur burns in air with a very pale blue flame, or in oxygen with a 
bright blue flame (due to the more intense reaction) to form sulphur 
dioxide and a little sulphur trioxide gases. 

Sulphur also unites directly on heating with other non-metals, such as 
the halogens, phosphorus, carbon and hydrogen. The reactivity with 
the halogens decreases in the order, fluorine to iodine. Fluorine forms 
the very stable sulphur hexafluoride SF 6 , chlorine the less stable sulphur 
monochloride S 2 C1 2 which unlike the hexafluoride is hydrolyzed by 
water— 

2S 2 C1 2 + 3H 2 0 = 4HC1 + H 2 S0 3 + 3S | 

Phosphorus forms the pentasulphide P 2 S 5 and also tetra-phosphorus 
tri-sulphide P 4 S 3 when heated with sulphur. 

The reactions with carbon and hydrogen occur less readily, and in the 
former case requires a considerable temperature such as that obtained in 
the electric-furnace to produce carbon disulphide CS 2 . 

Sulphur is insoluble in dilute acids, but dissolves slowly on heating with 
concentrated sulphuric acid, more readily with concentrated nitric acid, 
and is slowly soluble in hot solutions of the alkalis 

Hot concentrated H 2 S0 4 : S + 2H 2 S0 4 = 3S0 2 1 -f 2H 2 0 

Hot concentrated HNO a : S + 6HN0 3 = H 2 S0 4 + 6N0 2 4- 2H 2 0 

Hot strong NaOH: Sulphides and thiosulphates formed— 

6 NaOH + 4S = Na 2 S 2 O s + 2Naj>S + 3H s O 
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followed by solution of sulphur in the sodium sulphide to form sodium 
pentasulphide— 

. Na 2 S -f 4S = Na 2 S 5 

Reactions with potassium hydroxide and calcium hydroxide are similar. 

The reaction with concentrated nitric acid is the basis of the quantitative 
method for estimating free sulphur. The sulphur is quantitatively converted 
into sulphuric acid, which is then precipitated as barium sulphate on 
adding barium chloride solution. The barium sulphate is collected, dried, 
and weighed. 

Compounds of Sulphur 

Sulphuretted Hydrogen or Hydrogen Sulphide, H 2 S. The usual laboratory 
method is to add dilute sulphuric or hydrochloric acid to solid ferrous 
sulphide, and if the reaction be carried out in a Kipp’s apparatus (see p. 
362) a supply of the gas is always available simply by turning on the tap. 

FeS + H 2 S0 4 = FeS0 4 + H 2 S f 

The gas, so prepared, usually contains some hydrogen from the iron 
present as impurity in the ferrous sulphide and also some acid spray. It 
may be purified from acid spray by bubbling through a saturated solution 
of sodium hydrogen sulphide (produced by saturating sodium hydroxide 
with the gas)— 

NaOH + H 2 S = NaHS + H 2 0 
2NaHS + H 2 S0 4 = Na 2 S0 4 + 2H 2 S f 

from moisture via calcium chloride (concentrated sulphuric acid should 
not be used since sulphuretted hydrogen is a reducing agent), and from 
hydrogen by liquefying the sulphuretted hydrogen in a freezing mixture 
formed by adding solid carbon dioxide to acetone, the hydrogen passing on. 

More simply, it may be freed from hydrogen and acid spray by absorp¬ 
tion in a solution of sodium hydroxide, and the resulting solution of 
sodium hydrogen sulphide treated with dilute acid under air-free conditions 
to reliberate the sulphuretted hydrogen, as indicated in the above equations. 

It is more usual to prepare the sulphuretted hydrogen pure either by the 
action of water on aluminium sulphide— 

A1 2 S 3 + 6H 2 0 = 2Al(OH) 3 + 3H 2 S t 

or by the action of concentrated hydrochloric acid on antimony sulphide 

Sb 2 S 3 + 6HC1 = 2SbCl 3 + 3H 2 S t 

Small quantities of sulphuretted hydrogen may conveniently be prepared 
in the laboratory by boiling a mixture of paraffin wax and free sulphur. 
The reaction is easily stopped by allowing the mixture to cool. 

The reaction between hydrogen and sulphur occurs to a limited extent 
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when sulphur is boiled in an atmosphere of hydrogen, but almost complete 
combination occurs when hydrogen and sulphur vapour are passed together 
over a finely divided nickel catalyst at a temperature of about 450°C— 

H 2 + S= H 2 S 

The occurrence of sulphuretted hydrogen in industrial fuel gases (coal 
gas, etc.) has already been described in connexion with the manufacture 
of sulphur (see p. 734). 

Physical Properties of Hydrogen Sulphide. Sulphuretted hydrogen is 
a colourless gas with the characteristic odour of bad eggs (produced from 
sulphur compounds in the yoke), and may be liquefied at — 61C. it is 
poisonous, much more so than is generally believed, and concentrations of 
about 0*1 per cent are reported to be fatal, if inhaled for any considerable 
time. Weak chlorine may be inhaled as an antidote. It is moderately soluble 
in water; the resulting solution, H.,S-water, is very slightly acidic. It may 
however be collected over hot water. 

Chemical Properties of Hydrogen Sulphide. Sulphuretted hydrogen burns 
in air with a blue flame to form sulphur dioxide and water but if the supply 
of oxygen is limited, for example, by burning the gas in a gas-jar, the 
oxidation is incomplete and free sulphur is deposited on the walls— 

2H 2 S + 30 2 = 2H 2 0 + 2S0 2 1 
2H 2 S + 0 2 = 2H 2 0 + 2S 

Free sulphur is also deposited when sulphuretted hydrogen is passed into 
solutions of oxidizing agents, such as the halogens, fairly strong or 
concentrated nitric acid, concentrated sulphuric acid, dichromate, per¬ 
manganate, ferric salts, hydrogen peroxide, etc., with results as indicated in 
the following equations— 

Cl 2 -f H.,S = 2HC1 + S 
2HNO ;J + 3H 2 S = 3S + 2NO f + 4H,0 
2HN0 3 (concentrated) -p H 2 S = S + 2N0 2 f + 2H>0 

Fe 2 (S0 4 ) 3 + H 2 S = S -P 2FeS0 4 + H 2 S0 4 
H 2 0 2 + H 2 S = S + 2H 2 0 

h 2 so 4 + H 2 S = S + S0 2 f + 2H 2 0 

K 2 Cr 2 0 7 + 4H 2 S0 4 + 3H 2 S = K 2 S0 4 + Cr 2 (S0 4 ) 3 -f 7H 2 0 + 3S 

The student will find these equations less difficult to balance if he studies 
the following illustrative example of procedure in terms of the basic 
equation for the reaction with potassium permanganate— 

(a) 2KMn0 4 + 3H 2 S0 4 = K 2 S0 4 + 2MnS0 4 + 3H,0 + 50 
(■ b ) H 2 S + O = h 2 o + S 



742 


THE ELEMENTS OF GROUP VI 


The correct equation is then found by balancing the oxidizing power of 
the permanganate (as represented by O) against the oxygen requirements 
of the sulphuretted hydrogen. Thus, multiply equation ( b ) by five, add to 
equation (a) and then eliminate molecules which occur on both sides of 
the resulting equation— 

2KMn0 4 + 3H 2 S0 4 + 5H 2 S + 50 = 

K 2 S0 4 + 2MnS0 4 + 8H 2 0 + 5S + 50 

whence 

2KMn0 4 + 3H 2 S0 4 + 5H 2 S = K 2 S0 4 + 2MnS0 4 + 8H 2 0 + 5S 

Sulphuretted hydrogen is thus a reducing agent , and this property often 
causes some trouble in qualitative analysis when the “unknown” solution 
contains an oxidizing agent. On passing sulphuretted hydrogen to precipi¬ 
tate the Group II sulphides, if an oxidizing agent is present, a very finely 
divided precipitate of sulphur is formed, often in the very difficult to 
remove colloidal form. In practice, this sulphur precipitation may be 
avoided by first passing sulphur dioxide through the solution to reduce the 
oxidizing agents, and then boiling out the remaining dissolved sulphur 
dioxide before passing in the sulphuretted hydrogen. 

S0 2 + 2H 2 S = 2H 2 0 -f 3S 

That hydrogen sulphide acts in solution as a very weak dibasic acid is 
indicated by the following reactions— 

(a) It turns litmus solution slightly pink. 

(. b ) It reacts with sodium hydroxide (and other alkalis) to form first the 
normal sodium sulphide, Na 2 S, and then on saturating the sodium hydrox¬ 
ide with the gas, the acid or hydrogen sulphide, NaHS— 

2NaOH + H 2 S = Na 2 S + 2H 2 0 
Na 2 S + H 2 S = 2NaHS 

The normal sulphide may thus be prepared by first saturating a portion of 
the given sodium hydroxide solution with the gas, and then adding an 
equal volume of the same sodium hydroxide solution— 

NaHS + NaOH = Na 2 S + H 2 0 

The use of sulphuretted hydrogen in qualitative analysis is based on the 
fact that sulphides of the analytical Group II elements (Cu, Pb, Bi, Sn, etc.) 
are all insoluble in dilute acid, whereas those of Group IV (Zn, Mn, etc.) 
are soluble in acid and are only precipitated from neutral or alka me 

solutions of their salts. # . , 

More precisely, the precipitation of a metallic sulphide is determine 
by the value of its solubility product (see p. 332). If the product of t e 
ionic concentrations of the metallic ion and of the sulphide ion (produce 
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by ionization of the sulphuretted hydrogen in solution) exceeds the 
solubility product, then the sulphide is precipitated. Thus, for copper 
sulphide solution, if— 

[Cu + +] x [S—] is greater than S Cu s (= 8-5 x 10~ 45 ) 

then copper sulphide will be precipitated. The concentration of the 
metallic ion will depend upon the concentration of the original solution, 
but this will have little significance in view of the very considerable changes 
which may occur in the sulphide ion concentration. The critical factor is 
thus the sulphide ion concentration, and this is determined by the hydrogen 
ion concentration of the solution. Thus if the precipitation is carried out in 
a solution of a strong acid (hydrochloric acid is a strong acid), the dissocia¬ 
tion of the sulphuretted hydrogen— 

H 2 S = 2H+ + S” 

is very largely repressed due to the very high hydrogen ion concentration 

and as a result the value of [S ] will be very small. Only those metallic 

sulphides which have an extremely small solubility product (CuS, HgS, 

Sb 2 S 3 , etc.) will be precipitated, and the student may find that the sulphides 

of lead and particularly cadmium are not precipitated. If, however, the 

solution is appreciably diluted, the sulphide ion concentration is increased 

and lead sulphide and cadmium sulphide are now precipitated, since the 

product of their ionic concentrations now exceeds their respective solubility 
products. J 

A further big increase in the sulphide ion concentration occurs when 
the precipitation is carried out in alkaline solution, for example, in the 
presence of ammonium hydroxide in Group IV. The sulphides of zinc, 
manganese, cobalt and nickel are then precipitated. Zinc sulphide may 
even be precipitated in Group II, if the solution is diluted too much, due to 
the reduction in the hydrogen ion concentration. 

The separation of the Group II sulphides into sub-groups A and B is 
based on the solubility of the sulphides of tin, arsenic and antimony in 
yellow ammonium sulphide to form thio-salts. Free sulphur, present in the 
yellow ammonium sulphide, is necessary to convert stannous sulphide to 
stannic sulphide before it dissolves. Otherwise, sodium hydroxide could be 
used, but not a mixture of ammonium sulphide and sodium hydroxide 
since mercuric sulphide is soluble in the resulting sodium sulphide. The 
equations for the reactions of the Group IIB sulphides with yellow 
ammonium sulphide and with sodium hydroxide are— 

Stannic sulphide — 

3SnS 2 + 6NaOH - Na 2 Sn0 3 + 2Na a SnS 8 + 3H 2 0 
SnS a (NH 4 ) 2 S = (NH 4 ) 2 SnS 3 
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Stannous sulphide — 

SnS + (NH 4 ) 2 S 2 = (NH 4 ) 2 SnS 3 

Arsenious sulphide — 

As 2 S 3 + 3(NH 4 ) 2 S = 2(NH 4 ) 3 AsS 3 
As 2 S 3 + 6NaOH = Na 3 As0 3 + Na 3 AsS 3 + 3H 2 0 

Antimony sulphide — 

Sb 2 S 3 + 3(NH 4 ) 2 S 2 = 2(NH 4 ) 3 SbS 4 -f S j 

On subsequent treatment with dilute acid, the sulphides are reprecipitated. 
Detection and Determination of Sulphuretted Hydrogen. Sulphuretted 

y * s readily detected by smell, and by its action on solutions of 

so uble lead salts. Thus lead acetate paper (a piece of filter paper dipped 
into lead acetate solution will suffice) is turned brown and then black on 
exposure to the gas, due to the formation of lead sulphide. 

It may be determined in solution by adding excess of standard iodine 
solution and the residual iodine is then found by titration with standard 
sodium thiosulphate in the usual way. 

H 2 S + I 2 = 2HI + S 

Formula. If dry sulphuretted hydrogen is sparked over mercury, or 
if metallic tin is heated in a measured volume of the gas, then when the 
temperature again reaches its initial value, it is found that there is no change 
in volume. Thus— 

1 volume Hj-Sy gives 1 volume of H 2 

Therefore, by Avogadro’s Hypothesis— 

1 molecule H a .Sj, gives 1 molecule of H 2 

whence x = 2 

The vapour density of 17 shows the molecular weight to be 34, and hence 
the formula of the molecule is H 2 S. 

Hydrogen Persulphides. Although compounds from H 2 S to H 2 S 9 have 
been reported, only H 2 S, H 2 S 2 and H 2 S 3 have definitely been established. 
Hydrogen persulphide and hydrogen trisulphide are produced when a 
solution of sodium polysulphide Na 2 S 5 is poured into dilute hydrochloric 
acid. A yellow oil is obtained which may be separated by distillation into 
H 2 S 2 and H 2 S 3 . 

Oxides of Sulphur and their Acids 

Sulphur Dioxide, S0 2 . The usual laboratory method is to heat a mixture 
of copper turnings and concentrated sulphuric acid. It will be recalled 
that copper does not liberate hydrogen from any of the acids, and the 
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explanation of the present reaction is to be found in the fact that sulphuric 
acid is an oxidizing agent when it is both hot and concentrated. The 
sequence of reactions is probably— 

Oxidation— 

Cu + H 2 S0 4 = CuO 4- H 2 0 + S0 2 f 

Neutralization— 

CuO + H 2 S0 4 = CuS0 4 + h 2 o 
T he equation representing the net result is therefore— 

Cu + 2H 2 S0 4 = CuS0 4 + 2H 2 0 + S0 2 f 



The reaction is not however as simple as this equation suggests, since 
sulphuretted hydrogen is also formed as evidenced by the formation of a 
black precipitate of copper sulphide. The mechanism of this further 
reduction is not clear, but it may possibly be represented by the equation— 

4S0 2 + H,S0 4 = H,S +. 4S0 3 

Siulphur dioxide may be prepared pure by burning sulphur in carbon 
dioxide-free air, absorbing the sulphur dioxide in a solution of sodium 
hydroxide to form sodium sulphite and bisulphite, and then treating these 
latter with dilute acid under air-free conditions. Or, pure sodium sulphite 
crystals may be treated directly with dilute acid. 

NaOH + S0 2 = NaHS0 3 
NaHS0 3 + HC1 = NaCl + H 2 0 + S0 2 f 
Na 2 S0 3 + 2HC1 = 2NaCl + H 2 0 + S0 2 f 
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Commercially, sulphur dioxide is prepared by burning sulphur or 
pyrites in air. r 

4FeS 2 + 110 2 = 2Fe 2 0 3 + 8S0 2 f 

The sulphur dioxide prepared by any of the above methods may be 

collected ( a ) by upward displacement of air, since it is about twice as 

heavy as air, (b) by dissolving in water, (c) by liquefaction under 
pressure. / ^ 

Physical Properties of Sulphur Dioxide. Sulphur dioxide is a colourless 
gas, with the characteristic odour of burning sulphur. It is heavier than 
air (vapour density is 32 compared with 14-4 for air), and is appreciably 
soluble in water, 1 ml of water dissolving 80 ml of the gas at 0°C. The 
solubility decreases with increase in temperature and the gas may be com¬ 
pletely expelled by boiling the solution. It is easily liquefied, boiling at 
— 10 C under one atmosphere pressure, but boils at 18°C under three 
atmospheres pressure. For this reason, it is usually supplied for laboratory 
use as liquid sulphur dioxide in heavy glass syphons, and like ammonia and 
carbon dioxide it finds extensive use in refrigeration plant. 

Sulphur dioxide is poisonous, although some people appear more 
allergic to it than others. It causes inflammation of the lungs and induces 
asthmatical complaints. 

Liquid sulphur dioxide, like water, is an ionizing solvent; that is, it 
dissolves certain compounds to give solutions which conduct electricity. 
Investigation of such solutions has both extended our knowledge of 
electrolytes and also led to a wider view of the concept of acids and 
bases. 

Chemical Properties of Sulphur Dioxide. Like carbon dioxide, sulphur 
dioxide neither burns nor supports combustion. The exceptions are strongly 
burning sodium, potassium, magnesium, etc., where presumably the heat 
of the reaction is sufficient to dissociate the gas into sulphur and free 
oxygen. 

3Mg + S0 2 = 2MgO + MgS 

The solution of sulphur dioxide in water is a weak dibasic acid, known as 
sulphurous acid , H 2 S0 3 . Both normal and acid sulphites are well known, 
but less common are the metabisulphites such as potassium metabisulphite, 
K 2 S 2 0 5 . The reducing properties of sulphur dioxide in presence of water 
are attributed to the ease with which sulphurous acid may be converted 
to sulphuric acid— 

h 2 so 3 + o = h 2 so 4 

and this, in its turn is attributed to the presence of a “lone-pair” of 
electrons on the sulphur atom which enables it to add on another atom by 
forming a co-ordinate link. If the additional atom is oxygen, then sulphuric 
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acid or sulphates are formed; if sulphur, then thiosulphuric acid or 
thiosulphates are formed. 


H—0\ x 

\ s * 

H—0 / * 


+ O = 
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H—O 


H—O 
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or 


O x 

\c x 


+ o = 


°K 


Similarly Na 2 S0 3 + S -* Na 2 S 2 0 3 

sodium 

thiosulphate 

Thus solutions of sulphur dioxide are reducing agents; they reduce 
hydrogen peroxide, the halogens, ferric salts, chromates, dichromates and 
permanganates, etc. Permanganate solutions are decolorized, chromate 
and dichromate solutions assume the characteristic green colour of the 
chromic salt whilst ferric solutions become almost colourless (very pale 
green) due to the formation of ferrous salts. Note that in all these reactions, 
the sulphurous acid is oxidized to sulphuric acid, and that this behaviour 
is the basis of the commercial preparation of sulphuric acid from sulphur 
dioxide or sulphurous acid by the Lead Chamber Process, the oxidant in 
this case being nitrogen peroxide. 

H 2 S0 3 + N0 2 = H 2 S0 4 + NO 

The procedure for constructing the correct equations for these and other 
reactions has been described in connexion with sulphuretted hydrogen. 
The student should satisfy himself, by applying the same methods, that the 
following equations are correctly balanced— 

2KMn0 4 + 2H 2 0 + 5SO, 2 = K 2 S0 4 + 2MnS0 4 + 2H 2 S0 4 
Cl 2 + 2H 2 0 + S0 2 = 2HC1 + H 2 S0 4 
2K 2 Cr0 4 + 2H 2 S0 4 + 3S0 2 = 2K 2 S0 4 + Cr 2 (S0 4 ) 3 + 2H 2 0 
K 2 Cr 2 0 7 + H 2 S0 4 + 3S0 2 = K 2 S0 4 + Cr^SO^ + H 2 0 
Fe 2 (S0 4 ) 3 + 2H 2 0 + S0 2 = 2FeS0 4 + 2H 2 S0 4 

The bleaching action of sulphur dioxide in solution is another example of 
the ease with which sulphurous acid is oxidized— 


H 2 S0 3 + o 


H,SO 


Colourless 
leuco 

compound 

Washing, air and sunlight slowly restore the colour, however. 


H 9 4- Colour 
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The reaction of sulphur dioxide with sulphuretted hydrogen is un¬ 
expected— 

2H 2 S + S0 2 = 2H 2 0 + 3S j 

This reaction, which occurs simply on mixing the gases, but not if they are 
thoroughly dry, suggests that the sulphur dioxide is behaving as an oxidizing 
agent. More probably, it indicates that the compound formed by hydrogen 
and oxygen is more stable than the compounds formed by these elements 
with sulphur. 

Sulphur dioxide gas will combine directly with certain peroxides 
suitably heated, for example in a hard-glass tube, to initiate the reaction. 
The reaction is exothermic, and the heat liberated is sufficient to raise the 
mass to incandescence. 

Pb0 2 + SO, = PbS0 4 

lead sulphate 

Sulphur dioxide gas will also combine directly with chlorine, bromine and 
fluorine, particularly in the presence of camphor as catalyst, to form the 
corresponding sulphuryl halides— 

so 2 + Cl 2 = so 2 ci 2 

sulphuryl 

chloride 

The direct oxidation of sulphur dioxide gas to sulphur trioxide does not 
occur at ordinary temperatures. It requires a relatively high temperature 
and is facilitated by the presence of a catalyst (see “The Contact Process,’’ 
p. 755). 

Formula of Sulphur Dioxide. Since sulphur burns in oxygen to form 
sulphur dioxide, it follows that only these two elements are present, so that 
the formula is SjO^. In this reaction, one volume of oxygen produces one 
volume of sulphur dioxide, so that, by Avogadro’s Hypothesis— 

one molecule of 0 2 -> one molecule of S x O v 
Hence y = 2, and formula is S x 0 2 

Since, however, the vapour density of sulphur dioxide is 32, the molecular 
weight is 64. The formula is therefore S0 2 . 

Detection and Determination of Sulphur Dioxide. Sulphur dioxide may 
be recognized by (a) its smell, ( b ) the decoloration of permanganate and 
iodine solutions, (c) its action on chromate and dichromate solutions 
which it turns green, and (d) by its reaction with barium chloride solution 
with which it gives a white precipitate of barium sulphite. The latter may 
be distinguished from the similar white precipitate formed by sulphates by 
its ready solubility in dilute acids. 

The concentrations of solutions of sulphur dioxide in water may be 
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determined by running in standard iodine solution from a burette into a 
measured volume of the sulphur dioxide solution until the iodine is no 
longer decolorized, as indicated by the appearance of the blue colour of 
added starch indicator. 

S0 2 + 2H 2 0 + I 2 = H 2 S0 4 + 2HI 

Uses of Sulphur Dioxide, (a) Stoving rooms after infectious diseases, 
(b) bleaching wool, silk and straw, ( c ) manufacture of sulphuric acid, 
sulphites and bi-sulphites, etc., (d) as the inert atmosphere in the electro¬ 
lytic method for obtaining magnesium and also in making magnesium-alloy 
castings (see p. 495). 

Sulphurous Acid, H 2 S0 3 , is known only in weak aqueous solution, 
and is produced, for example, when sulphur dioxide is dissolved in water. 
It is a weak dibasic acid and is a reducing agent. The salts, known as 
sulphites, are also reducing agents, and on heating they undergo a self 
oxidation-reduction reaction to form sulphate and sulphide— 

4Na 2 SO a = 3Na 2 S0 4 + Na 2 S 

Normal sulphites are alkaline in solution, but the acid (or hydrogen) 

sulphites are feebly acidic due to the dissociation of the HS0 3 ~ ion. Both 

sodium sulphite and sodium bisulphite are produced commercially by the 

action of sulphur dioxide on crystals of sodium carbonate or its solution in 
water— 

Na 2 C0 3 + S0 2 = Na 2 SO s + CO, f 
Na 2 S0 3 + H 2 0 + S0 2 = 2NaHS0 3 

The acid solution of sodium bisulphite which is ultimately obtained is 
sold as such, but some is converted into the normal sulphite by neutralizing 
the solution by adding sodium carbonate at the boiling-point— 

2NaHS0 3 + Na 2 C0 3 = 2Na 2 S0 3 + H 2 0 + CO, 

The resulting solution is then concentrated and allowed to crystallize 
to form Na 2 S0 3 .7H 2 0 if the temperature is below 22°C, or Na 2 S0 3 if 
above this temperature. Sodium sulphite is used as a mild bleaching agent 
for silk and woollen goods, as an antichlor after bleaching cloth, paper 
pulp, etc., with chlorine, and in photographic developers to resist atmos¬ 
pheric oxidation of the amidol, metol, etc. Sodium bisulphite is used 
extensively in the manufacture of paper from wood pulp; hot solutions 
possess the valuable property of dissolving resins and gums contained in 
the wood, without affecting the important cellulose fibres. Most paper 
nowadays, is manufactured from the resulting “sulphite” pulp. 

Sulphur Trioxide (Sulphuric Anhydride), S0 3 . Sulphur trioxide is 
liberated by the action of heat on such compounds as pyro-sulphuric 
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acid, H 2 S 2 0 7 and its salts, sodium bi-sulphate, ferrous (and ferric) 
sulphate— 7 

H 2 s 2 o 7 = h 2 so 4 -f S0 3 f 

2NaHS0 4 = Na 2 S 2 0 7 + H 2 0 
Na 2 S 2 0 7 = Na 2 S0 4 -j- S0 3 f 
2FeS0 4 = Fe 2 0 3 + S0 2 f -f S0 3 f 

It may be prepared by dehydrating concentrated sulphuric acid by the 
action of phosphorus pentoxide. If the reaction is carried out by heating 
a mixture of phosphorus pentoxide and concentrated sulphuric acid in a 
retort the sulphur trioxide evolved may be condensed and collected. 

h 2 so 4 - h 2 o = so 3 

Platinized 



Fig. 231. Preparation of Sulphur Trioxide 


The Contact Process produces sulphur trioxide on a large scale (in the 
manufacture of sulphuric acid) by the direct combination of sulphur 
dioxide and oxygen at 450°-600°C in presence of a suitable catalyst 
(see p. 219). The reaction may be carried out in the laboratory by passing 
sulphur dioxide and oxygen gases through concentrated sulphuric acid 
to dry them, and then through a hard glass tube containing a plug of 
platinized asbestos which is heated. The issuing gases are then passed 
through a tube immersed in a freezing mixture to condense the sulphur 
trioxide— 

2S0 2 + 0 9 = 2S0 3 

Properties of Sulphur Trioxide. Two forms of sulphur trioxide are 
definitely known and a third has been reported. a-S0 3 is a colourless 
liquid boiling at 45°C and forming colourless needles at 16°-17°C. In 
presence of moist air it slowly changes to /3-S0 3 an asbestos-like solid, 
which sublimes at 50°C. 

The gas forms a dense fog in moist air consisting of fine droplets ol 
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sulphuric acid, and the solid reacts vigorously with water (with a hissing 
sound) to form sulphuric and fuming sulphuric acids. Although the solution 
of sulphur trioxide in water is a very strong acid, the perfectly dry gas 
clearly is not an acid (it contains no hydrogen). 

If sulphur trioxide is passed over heated oxides of calcium, magne¬ 
sium, or barium, a vigorous reaction occurs and the mass becomes 
incandescent— 

MgO + S0 3 = MgS0 4 

The gas is not stable on heating, but tends to dissociate into sulphur 
dioxide and oxygen. The reaction— 


2S0 3 ^ 2S0 2 + O a 

is in fact reversible, but a discussion of this reaction will be deferred to 
the section on the Contact Process. 

Stabilized and partly stabilized forms of sulphur trioxide are now manu¬ 
factured and sold commercially. These consist of the gamma and beta 

modifications, with compounds such as thionyl chloride (SOCL) as the 
stabilizers. 

Other Oxides of Sulphur. 7 he following additional oxides of sulphur 
have been reported— r 


Sulphur monoxide, SO 
Sulphur tetroxide, S0 4 


Sulphur sesquioxide, S 2 O s 
Sulphur heptoxide, S 2 0 7 


They are prepared only with difficulty and are all unstable at room 
temperatures. 

Sulphuric Acid, H 2 SQ 4 . Historically, the acid was first produced com¬ 
mercially by Ward at Richmond in 1736. A mixture of sulphur and potas¬ 
sium nitrate was allowed to burn on an iron dish in the mouth of a large 
glass vessel containing a little water. A wooden bung was inserted during 
the combustion, and periodically removed to admit fresh air. The solution 
of the resulting gases produced sulphuric acid, which was later further 
concentrated by distillation. Such was the beginning of a major industry 
which now produces millions of gallons of sulphuric acid each year There 
are two different processes in operation nowadays; the Lead Chamber 

Contact p 15 e , S T ia,ly , a devel °P ment of Ward’s process, and the 
Contact Process which produces sulphur trioxide as an intermediate in 
the manufacture of the acid. 

Lead Chamber Process. This process is based on the oxidation of sulphur 
peroxide- PreS6nCe ° f l ° SUl P huric acid ' The ° x <dant « nitrogen 

H 2 S0 3 + N0 2 - H 2 SO< + NO 

The resulting nitric oxide combines with oxygen to reform nitrogen 
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peroxide, so that theoretically a small quantity of nitrogen peroxide 
initially present should produce a large quantity of sulphuric acid. 

2NO + 0 2 = 2N0 2 

The actual reactions are somewhat more complex than these equations 
suggest, and intermediate compounds such as H 2 S0 4 . NO or H 2 S0 3 . N0 2 , 
known variously as nitrosyl sulphuric acid , chamber crystals , etc., are 
known to be formed during the process. 

Reference to the accompanying diagram shows that the process is made 
up of the following units or stages— 

{a) Production of sulphur dioxide; ( b ) production of oxides of nitrogen; 
(c) the Glover Tower; ( d) the Lead Chambers; and (e) the Gay Lussac 
Tower. 

Acid from Acid from 



(a) Production of Sulphur Dioxide. This is produced either by burning 
sulphur in air in specially designed burners to increase the efficiency of 
the oxidation, or by roasting pyrites or other sulphide ores such as zinc 
blende in air; the sulphur dioxide in the latter case might be a by-product 
of the metallurgical operation. 

(b) Production of Oxides of Nitrogen. These are produced either by 
the action of sulphuric acid on sodium nitrate in the nitre pots, or by the 
catalytic oxidation of ammonia. The modern practice is to use the latter 
method. The ammonia is mixed with air and passed through a platinum 
gauze catalyst which is maintained at about 1000'C by the heat o t e 

reaction— 

4NH 3 + 50 2 = 4NO + 6H 2 0 
2NO + 0 2 = 2N0 2 









SULPHUR 


753 


(c) The Glover Tower. These brick- or lead-lined steel towers are packed 
with ceramic material, such as hard burnt brick or tile. Down this tower 
flows 78 per cent sulphuric acid containing oxides of nitrogen recovered 
in the Gay Lussac Tower and also some 62 per cent Chamber sulphuric 
acid. The hot gases (sulphur dioxide, oxides of nitrogen, air) enter the 
tower near the base, are cooled as they pass up and eventually pass into 
the lead chambers at a temperature of about 100C. In this tower, about 
10 per cent conversion of the sulphur dioxide to sulphuric acid occurs, 
the oxides of nitrogen are recovered from the Gay Lussac acid, some 
concentration of the descending sulphuric acid occurs, and the 78 per cent 
acid which collects at the bottom is suitable for the recovery of the oxides 
of nitrogen in the Gay Lussac towers. 

(d) The Lead Chambers. These consist of several large, sheet lead 
chambers. A very fine spray of water is injected from the roof to form the 
bulk of the sulphuric acid the concentration of which is about 65 per cent. 
The concentration is not allowed to exceed this value since more concen¬ 
trated acid tends to dissolve the lead of the chambers and also removes a 
considerable proportion of the oxides of nitrogen on which the economic 
success ol the process depends. In modern plant special precautions are 
taken to dissipate the heat of the reaction. Thus, in the Mills-Packard plant, 
the chambei s are in the shape ol truncated cones with provision for water 
cooling on the outsides. In the Gaillard-Parrish plant, the “chambers” 
consist of a steel-frame lead-lined cylindrical chamber cooled on the inside 
by spraying the walls with finely divided pre-cooled chamber acid. 

(e) The Gay Lussac Tower. These towers, which are taller and narrower 
than the Glover towers serve the very important purpose of recovering 
the oxides of nitrogen from the spent gases. The waste gases, now at a 
temperature of about.60 C, meet, as they pass up the tower, a descending 
stream of cold 78 per cent acid from the Glover Tower. The latter acid 
dissolves the oxides of nitrogen to form “Gay-Lussac Acid” which is then 
pumped to the top of the Glover Tower. The amount of acid used in this 
cyclic operation between the Glover and Gay Lussac Towers to recover 
the relatively expensive oxides of nitrogen amounts to about three or 
lour times the daily production of sulphuric acid by the plant. 

Concentration and Purification. The lead chambers produce the bulk of 
the acid (concentration about 65 per cent), but a smaller quantity of 78 per 
cent cent acid is recovered from the Glover towers. The acid may be 
purified if necessary by diluting and treating with sulphuretted hydrogen to 
precipuate arsenic as its sulphide, followed by distillation with a little 
added ammonium sulphate, when the lead sulphate is left behind and any 
dissolved oxides of nitrogen are reduced to nitrogen— 3 

(NH 4 ) 2 S0 4 + N 2 0 3 = 2N 2 + H 2 S0 4 + 3H 2 0 
Most of the acid is used as produced, for example in the manufacture of 
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superphosphate, ammonium sulphate, etc., but for other purposes a more 
concentrated acid may be required. 

The 78 per cent acid may be concentrated to about 93 per cent acid by 
heating, but stronger acids are more usually produced by adding oleum or 
sulphur trioxide from a Contact Plant. 


Waste Gases 



Fig. 233. Kessler Concentrator 


The older method of concentrating the acid consisted in allowing t e 
acid to pass in a cascade system down a stair-way of silica cruci es 
against an ascending stream of hot furnace gases. The modern met o s 
either concentrate the acid by the action of hot furnace gases on a escen 
ing spray of the acid in a large tower as in the Gaillard Concentrator or 
the Kessler Concentrator as shown in the accompanying lagram, 
the acid is heated under vacuum by superheated steam. When concen r 
acids are required however, it appears to be increasingly the modern pra 
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to prepare the acid directly by the Contact process. The above concentra¬ 
tors then become important in the recovery and reconcentration of process 
acids. 

The Contact Process. Whereas the Lead Chamber Process involves the 
relatively easy oxidation of a solution of sulphur dioxide in water directly 
to sulphuric acid, the Contact Process attempts the much more difficult 
direct oxidation of dry sulphur dioxide gas to sulphur trioxide— 

2S0 2 + 0 2 ^ 2S0 3 + 45 900 cal. 

Fig. 234 shows the effect of temperature on the equilibrium yield of 
su phur trioxide. As might be expected from Le Chatelier’s Principle, 



200 400 600 800 1000 1200 

- Temperature (°C) ->. 


Fig. 234. Variation of the Percentage Conversion of Sulphur 
Dioxide to Sulphur Trioxide with Temperature 

since the reaction is exothermic the equilibrium yield will be increased 
by decrease in temperature. Although almost a 100 per cent yield is 
obtained at 400°C, the time required to reach this equilibrium state is very 
long, too long for the process to be economical. There are two ways of 
speeding up the rate of a reaction, namely, by increasing the temperature 
and by the use of a catalyst. In the present case, increase of temperature 
will also reduce the equilibrium yield of sulphur trioxide, and for this 
reason only a relatively small such increase will be economical. The 
alternative method is to use a suitable catalyst. A catalyst is a substance 
which speeds up the rate of a reaction without itself being chemically 
changed ; but, since it speeds up both the forward and back reactions by the 
same amount, the position of equilibrium is not altered. The catalyst thus 
considerably reduces the time required to reach equilibrium but does not 
alter the position of equilibrium from the value it would have in the 
absence of the catalyst. The reaction is therefore carried out at a 
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temperature of 450°-600°C in presence of a catalyst. By applying the Law 
of Mass Action to the equilibrium, we find that 

K = [SO3] 2 

[S0 2 ] 2 [0 2 ] 

whence, [S0 3 ] 2 = K x [S0 2 ] 2 x [0 2 ] 


It follows, therefore, that an increase in the concentration of either the 
sulphur dioxide or of the oxygen will increase the equilibrium yield of 
sulphur trioxide. In practice, since oxygen is much cheaper than sulphur 
dioxide, a somewhat higher concentration of oxygen is used, the sulphur 
dioxide concentration being limited to 7-10 per cent depending upon the 
catalyst. 


S0 2 +Air 
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Fig. 235. Contact Process 


Further consideration of the above value of K shows that, by Le Chatelier s 
Principle, the equilibrium yield of sulphur trioxide may be increased by 
carrying out the reaction under pressure. The effect is, however, so small 
that the expense of the additional plant does not justify any increase in 
pressure; the process is therefore carried out at ordinary pressures. 

The accompanying diagram shows that the process is composed of the 
following “units” or stages; ( a) preparation of sulphur dioxide; (b) 
purification of sulphur dioxide; (c) reaction vessel or “converters ; (") 
conversion of the sulphur trioxide into sulphuric acid. 

(a) Preparation of Sulphur Dioxide. See Lead Chamber Process. 

(b) Purification of the Sulphur Dioxide. The sulphur dioxide has to e 
thoroughly purified and dried before it is allowed to come into contac 
with the catalyst. It may contain dust, arsenic, selenium, chlorine an 
bromine (if pyrites be used). A typical treatment of the sulphur 10 x 1 e 
includes removal of dust by passing the gas through a centrifugal separa o 
followed by a Lodge-Cottrell electrostatic dust precipitator (see ^diagram;, 
then up a tower filled with acid-resisting packing which is sprayed rom 
top with 40 per cent sulphuric acid (to remove arsenic and part o 
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chlorine), through a second Lodge-Cottrell plant to remove acid mist, 

through coke-filters and finally over concentrated sulphuric acid to dry it. 

(c) Contact Chambers. The conversion of the sulphur dioxide to sulphur 

trioxide is nowadays mostly carried out in two stages; the first chamber 

or converter works at a higher temperature (500°-600°C) to ensure a rapid 

conversion to about 75 per cent sulphur trioxide, whilst the second 

converter works at a lower temperature (400°-450°C). The time required 

to reach equilibrium in the second converter is much longer but results in a 

more or less complete conversion of the sulphur dioxide to sulphur 
trioxide. 


The catalyst is either finely divided platinum or vanadium (in the form 
of ammonium vanadate or vanadium pentoxide). The platinum is 
supported on suitable carriers which must be porous, inert to the gases 
at high temperatures, refractory, and strong. Examples include asbestos, 
silica-gel, and calcined magnesium sulphate. In the Mannheim two-stage 
process, the catalyst in the first converter is burnt pyrites, that is ferric 
oxide containing a little cupric oxide, and the operating temperature is 
about 700 c C. At this higher temperature, the conversion is about 65 per 
cent. Any arsenious oxide present is removed at this stage as ferric 
arsenate, and the issuing gases, after removal of the sulphur trioxide, are 
passed through a platinum catalyst converter to complete the oxidation. 

The relative merits of platinum and vanadium as catalysts are briefly— 

(i) Some 90 per cent of the platinum may be recovered whereas the 
vanadium has no salvage value. 

(ii) Platinum operates successfully with a higher concentration of sulphur 
dioxide than is possible with vanadium (8-10 per cent, cf. 7-8 per cent). 

(iii) Platinum catalysts are easily poisoned, particularly by arsenic* 
vanadium catalysts are not. 

(iv) Vanadium catalysts have a longer active life than platinum catalysts 
and are also less fragile, permitting easier handling in use. 

(v) The initial cost of vanadium is less than that of platinum, and the 
cost is likely to be even less in the future. 


(d) Conversion of the Sulphur Trioxide into Sulphuric Acid. Water can- 
not be used to absorb the sulphur trioxide because an acid mist forms 
which in practice is found to be almost impossible to absorb or condense 
It was soon found that the best absorbent was 98-5-99 per cent sulphuric 
aad. In practice, the sulphur trioxide is allowed either to bubble into acid 
of this concentration with controlled addition of either dilute acid or 
water to maintain the concentration at this value, or, more usually the 

tnwp r ?i SU t ‘ S °K bta u ln « d by absorbin g the sulphur trioxide by passing it up a 
tower down which flows concentrated sulphuric acid. Direct solution of 

exImnL ?n Xlde ln COn “ ntrated sul P huric acid produces the oleums, for 

S ?’ “ per Cent oleam u which is a solution of 20 per cent of S0 3 by 
weight in 100 per cent sulphuric acid. y 
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Comparison of the Chamber and Contact Processes. Chemically, the 
Chamber Process involves the relatively easy oxidation of sulphurous 
acid by nitrogen peroxide at about 100°C— 

H 2 S0 3 + N0 2 = H 2 S0 4 + NO 

The Contact Process involves the more difficult direct oxidation of 
sulphur dioxide gas in presence of a catalyst at 450°-600°C, to form 
sulphur trioxide, which is subsequently converted into sulphuric acid. 

2S0 2 + 0 2 = 2S0 3 

The Lead Chamber Process produces 65 per cent acid and smaller 
quantities of 78 per cent acid, which are used mainly in the manufacture of 
super-phosphate and to a smaller extent of ammonium sulphate (in gas¬ 
works). Concentration to produce a concentrated acid is much more 
difficult than is the converse process of diluting Contact acid. The Contact 
process produces a pure and concentrated sulphuric acid; that from the 
Lead Chamber process is neither pure nor concentrated. 

The development of the Contact Process resulted from demands of the 
new dye-stuffs industry for fuming sulphuric acid for the manufacture of 
alizarin and other organic dyes. The modern trend is in the direction of 
more Contact sulphuric acid, and less Chamber acid, although the latter 
is not an obsolescent process—new plant are in fact being constructed. 

Properties of Sulphuric Acid. Sulphuric acid is a strong dibasic acid. 
The 100 per cent acid melts at 10-5°C; on raising it to the boiling point 
some sulphur trioxide is evolved until at 317°C an acid of 98 per cent 
concentration distils unchanged. Solutions of sulphur trioxide in con¬ 
centrated sulphuric acid produce the oleums. The following table shows 
the percentage and specific gravities of the various commercial sulphuric 

acids— 

Table 105 


Commercial Grades of Sulphuric Acid 


Name 

Sulphuric Acid 

Specific 

Gravity 

°Tw 

Battery acid ..... 

Chamber acid ..... 
Glover acid . . . . • 

Oil of vitriol (B.O.V.) 

98 per cent acid . 

Sulphuric acid or Monohydrate . 

20 per cent Oleum \ 

40 per cent Oleum J (see p. 757) . 

65 per cent Oleum I 

33-4 per cent 
62-65 per cent 
77*7 per cent 

93*2 per cent 

98-0 per cent 
100-0 per cent 

20 per cent free S0 3 
40 per cent free S0 3 
65 per cent free S0 3 

1-250 

1-526 

1-706 

1-835 

1-841 

1-835 

1-927 

1-965 

1-990 

50 

105 

141 

167 

168 
167 
185 
193 
198 
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Chemical Properties of Sulphuric Acid. Sulphuric acid is a powerful 
dehydrating agent, particularly towards organic compounds— 

C 12 H 22 O 11 - iih 2 o = 12 c 

canc sugar sugar- 

carbon 

H . COOH - H.,0 = CO 

formic acid carbon 

monoxide 

h 2 c.,o, - h 2 o = CO + co 2 

oxalic acid 

In these reactions, we speak of the concentrated sulphuric acid removing 
the elements of water, since the compounds do not contain water molecules 
as such in their molecular structure. Concentrated sulphuric acid is 
also used as a drying agent, but it may not be used for this purpose with 
gases which are basic (ammonia), or reducing agents (H.,S, S0 2 , etc.). 

When sulphuric acid is both hot and concentrated it is an oxidizing 
agent. It will dissolve most of the metals (not the noble metals), sulphur, 
carbon, and will liberate bromine and iodine from their salts or acids— 

C + 2H 2 S0 4 = C0 2 t + 2S0 2 f + 2H.,0 
S + 2H,S0 4 = 3S0 2 f + 2H 2 0 
Cu + 2H 2 S0 4 = S0 2 1 + CuS0 4 + 2H 2 0 
2HBr + H 2 S0 4 = S0 2 f + Br 2 t + 2H 2 0 

Its relatively high boiling point accounts for its use in the preparation of 
nitric and hydrochloric acids from their salts on heating. 

2NaN0 3 + H 2 S0 4 = Na 2 S0 4 + 2HNO a f 
2NaCl + H 2 S0 4 = Na 2 S0 4 + 2HC1 t 

Since the nitric and hydrochloric acids escape on heating, the reactions 
should not be regarded as indicating that sulphuric acid is stronger than 
these two acids. Note, also, that the dehydrating action of the concentrated 
sulphuric acid results in these acids being liberated anhydrous. 

Both sulphuric acid and some of its salts are decomposed when strongly 
heated. Thus, if sulphuric acid is allowed to fall on to a red-hot plate or is 
passed through a red-hot silica tube, then— 

2H 2 S0 4 = 2H 2 0 f + 2S0 2 f + 0 2 f 

The decomposition of ferrous sulphate has already been mentioned in 
connexion with sulphur trioxide— 

2FeS0 4 = Fe 2 0 3 + S0 2 + S0 3 

Acid sulphates, such as sodium hydrogen sulphate, NaHS0 4 , decompose 

25—(T.447) 
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on heating to form first the pyrosulphate which then decomposes to form 
the normal sulphate and liberate sulphur trioxide— 

2NaHS0 4 = Na 2 S 2 0 7 -f H 2 0 

sodium 

pyrosulphate 

Na 2 S 2 0 7 = Na 2 S0 4 -f- SO 3 

Sulphates may be reduced to the sulphides by heating strongly with 
carbon— 

Na 2 S0 4 + 4C = Na 2 S + 4CO f 



Fig. 236. The Alums as a Function of Radii of M + and M f++ 

e Known O Reported x Not reported 


As a class the sulphates are soluble, the principle exceptions being the 
sulphates of strontium, barium, lead and mercurous mercury. Most of 
the soluble sulphates crystallize from water as hydrates; examples include 

CuS0 4 .5H 2 0, blue vitriol; FeS0 4 .7H 2 0, green vitriol ; 

MgS0 4 .7H 2 0, Epsom Salts; Na 2 S0 4 . 10H 2 O Glauber's Salt. 

A large number of double sulphates are also known, as indicated by the 
general formulae— 

M+ 2 S0 4 . M++S0 4 .6H 2 0; for example, (NH 4 ) 2 S0 4 . FeS0 4 .6H 2 0 

M+ 2 S0 4 . M 2 +++(S0 4 ) 3 .24H 2 0, known as the Alums. 
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The extent of the alum structure is well indicated by the graphical illustra¬ 
tion (p. 760) showing the dependency of the structure on the sizes of the 
univalent and trivalent cations. The reader is referred to page 413 for a 
fuller discussion of hydrates, and the mode of linkage of the molecules 
of water of hydration. 

Table 106 


(a) Production 


Production and Uses of Sulphuric Acid 


153,243 tons (calculated as 100 per cent H 2 S0 4 ) 
237,859 tons (calculated as 100 per cent H 2 S0 4 ) 


Chamber process 
Contact process 

(6) Raw Materials — 

Pyrites. 

Spent oxide (ex Gas works) . 

Sulphur and H 2 S .... 

Zinc concentrates .... 

(c) Consumption (calculated as 100 per cent H 2 S0 4 ) 

Superphosphates 
Su phate of ammonia . 

Rayon and transparent paper 
Paint and lithopone 
Iron pickling (including tin plate) 

Dyestuffs and intermediates . 

Hydrochloric acid 

Oil refining and petroleum products 
Explosives .... 

Textile uses 

Sulphates of copper, nickel, etc. 

Tar and benzole . 

Bichromate and chromic acid 
Soap and glycerine 
Plastics, not otherwise classified 
Bromine .... 

Drugs and fine chemicals 
Hydrofluoric acid 
Oils (vegetable) . 

Sulphate of magnesium 
Phosphates (industrial) 

Copper pickling 
Metal extraction 
Agricultural purposes 
Glue, gelatine and size 

Unclassified 


tons 

49,473 

54,705 

66,658 

47,592 

tons 

90,634 

67,522 

52,054 

27,536 

22,543 

18,985 

14,692 

14,645 

5,280 

5,004 

4,844 

3,912 

3,384 

3,183 

3,132 

3,018 

2,872 

2,574 

2,374 

1,176 

708 

565 

481 

207 

117 

38,134 


Uses of Sulphuric Acid. Sulphuric acid finds its most extensive applica¬ 
tions nowadays in the manufacture of superphosphate fertilizers; in 
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petroleum processing and refining; as a sulphonating agent and admixed 
\vjth nitric acid as a nitrating acid in organic chemistry in the manufacture 
of dyes, explosives, etc. (T.N.T., tetryl, cyclonite, etc.); in the metallurgical 
industries for cleaning brass, bronze, copper, etc., and for “pickling” iron 
and steel; and also in the recovery of many metals from their ores. The 
uses of the acid are in fact so wide that it is extremely probable that they 
have never all been collected in one table. 

Formerly considerable quantities of the acid were used in the manufacture 
of nitric acid (now largely replaced by the direct oxidation of synthetic 
ammonia), in the Le Blanc Process (now replaced by the Ammonia- 
Soda Piocess), in the manufacture of phosphatic materials from phos¬ 
phate rock (now largely replaced by the electro-thermal acid-exchange 
using sand), and finally in the production of ammonium sulphate, which is 
now produced extensively by double decomposition between ammonium 
caibonate and calcium sulphate. To offset these changes, newer outlets 
foi the acid include its increasing use in the artificial silk industry, as a 
catalyst in many organic reactions, and in the ever-growing petroleum 
industries. 

The figures shown on p. 761 taken from the quarterly statement issued 
by the National Sulphuric Acid Association for the period, 1st January 
to 31st March, 1951, give some idea of the quantities of sulphuric acid 
produced in the Chamber and Contact processes and also of the various 
uses to which this acid is put. 

Other Acids of Sulphur and their Salts 

Hyposulphurous Acid, H 2 S 2 0„ is known only in weak aqueous solution 
and is one of the most powerful reducing agents known. Sodium hydro¬ 
sulphite (note, not hyposulphite) is, however, stable under perfectly dry 
conditions. It is manufactured commercially by passing sulphur dioxide 
gas into a suspension of good quality zinc powder which is kept continu¬ 
ously stirred. The zinc passes into solution as zinc hydrosulphite, the 
temperature being about 30 C— 

Zn + 2SO, = ZnS 2 0 4 

A solution of sodium carbonate is then added to precipitate zinc carbonate, 
and the resulting solution after filtration is treated with sodium chloride 
to salt out Na 2 S 2 0 4 . 2H 2 0— 

ZnS 2 0 4 -f- Na 2 C0 3 = ZnC0 3 + Na 2 S 2 0 4 

On raising the temperature to about 53 c C the di-hydrate changes to the 
anhydrous form. This is collected, washed with alcohol, dried in vacuum 
ovens, and then packed in hermetically sealed containers. 

Sodium hydrosulphite combines with formaldehyde (also a powerful 
reducing agent) to form Na 2 S 2 0 4 .2CH 2 0. Rongalite and Decrolin are 
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the sodium and zinc salts respectively of the closely related formaldehyde 
sulphoxylates, and are used as reducing agents in dyeing, printing and 
bleaching. 

Thiosulphuric Acid, H 2 S 2 0 3 , is not known in the free state. Solutions 
in water slowly decompose, more rapidly on warming, to liberate free 
sulphur. 

Na 2 S 2 0 3 + 2HC1 = 2NaCl + (H 2 S 2 0 3 ) 

(H 2 S 2 0 3 ) = H ,0 + so 2 f + S ! 

Sodium thiosulphate, commonly but incorrectly known as “hypo,” may be 
prepared by boiling a solution of sodium sulphite with sulphur— 

Na 2 S0 3 + S = Na 2 S 2 0 3 

Commercially, it is prepared by passing sulphur dioxide into an alkaline 

solution of sodium sulphide, or by boiling sodium hydroxide with sulphur 

and passing in sulphur dioxide until the yellow colour of the solution is 
destroyed— 

6 NaOH 4- 4S = Na 2 S 2 0 3 + 2Na,S + 3HX> 

Na 2 S -f- 4S = Na 2 S 5 (yellow) 

2Na 2 S 4- 4S0 2 4- 2NaOH - 3Na 2 S 2 0 3 + H.O 

It is used commercially as an antichlor to remove any free chlorine 
remaining in the material after bleaching with this gas— 

4C1 2 4- 5H 2 0 4- Na 2 S 2 O a = Na 2 S0 4 4- H 2 S0 4 4- 8HC1 

It reacts also with iodine to form sodium tetrathionate and this reaction 
is used in iodimetric methods of volumetric analysis. Note, that the oxida¬ 
tion is more complete with chlorine— 

2Na 2 S 2 0 3 4- I 2 = Na 2 S 4 0 6 4- 2NaI 

It finds considerable use in photographic “fixing” solutions to remove anv 
remaining silver halides— J 

2AgCl + 3Na 2 S 2 0 3 = Na.,[Ag 2 (S 2 0 3 ) ;J ] + 2NaCl 

Crystals of sodium thiosulphate have the formula Na«S.,0, 5H. O If 
the crystals are heated in a clean test-tube, the crystals melt to form a 
clear solution. If the mouth of the test-tube is loosely plugged with 
cotton wool to prevent the ingress of dust, no crystallization occurs on 
carefully cooling the resulting solution is in fact supersaturated. If now 
a small fragment of a hypo crystal be added, crystallization occurs very 
rapidly, and the solution solidifies. If the solid is heated to decomposition 
it torms sodium sulphate and sodium pentasulphide— * 

4Na 2 S 2 0 3 = Na 2 S 5 4- 3Na 2 S0 4 
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Pyrosulphuric Acid, H 2 S 2 0 7 , is formed by the solution of sulphur 
trioxide in concentrated sulphuric acid, and is thus one of the oleums. It 
is a viscous oily liquid, fuming in air due to escape of some sulphur 
trioxide, and is known also as fuming or Nordhausen sulphuric acid. 
The acid or salts are also prepared by strongly heating ferrous sulphate 
crystals, or acid sulphates (see p. 759). 

Persulphuric Acid, H 2 S 2 O g , is known only in dilute solutions. It may 
be prepared by the electrolysis of fairly concentrated sulphuric acid, by 
the action of strong hydrogen peroxide on sulphuric acid, or by the solu¬ 
tion of sulphur heptoxide in water— 


Electrolysis 


[Ionization H 2 S0 4 = H + + HS0 4 “ 

I Anode reaction 2HS0 4 " -> 2(HS0 4 ) -> H 2 S 2 O s 


Hydrogen peroxide 


f h 2 so 4 + h 2 o 2 = h 2 o + h 2 so 5 

[2H 2 S0 4 + H 2 0 2 = 2H 2 0 + H 2 S 2 0 8 


Sulphur heptoxide S 2 0 7 4 - H 2 0 = H 2 S 2 O s 


Solutions of persulphuric acid decompose to liberate oxygen, via the 
intermediate formation of permonosulphuric acid (Caro’s acid) and 
hydrogen peroxide— 

h 2 s 2 o 8 + h 2 o = h 2 so 4 + h 2 so 5 
h 2 so 5 + h 2 o = h 2 so 4 + h 2 o 2 

2H 2 0 2 = 2H 2 0 -b 0 2 


Modern methods for the manufacture of hydrogen peroxide involve the 
distillation of persulphuric acid solutions under reduced pressure. 

Persulphates. When concentrated solutions of potassium hydrogen 
sulphate are electrolyzed at high current density (e.g. using point anodes), 
persulphuric acid is formed at the anode. This acid then reacts with the 
excess potassium hydrogen sulphate present, to precipitate potassium 
persulphate. 

H 2 S 2 O s + 2KHS0 4 = K 2 S 2 O s j + 2H 2 S0 4 


The above formation of persulphuric acid presumably results from the 
effect of the concentration on the ionization of the potassium hydrogen 

sulphate— 

KHSO. = K + + HSCV 


By the use of point anodes, the (HS0 4 ) radicals produced by neutraliza¬ 
tion of the bisulphate ions are brought into close contact to form per 

sulphuric acid— 

2(HS0 4 ) = H 2 S 2 O s 

Both persulphuric acid and the persulphates are oxidizing agents, thus, 
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they liberate iodine slowly from potassium iodide solutions, oxidize 
ferrous salts to ferric, and dissolve zinc without liberating hydrogen— 

K 2 S 2 O s + 2KI = 2K 2 S0 4 + I 2 
2FeS0 4 + K 2 S 2 O s = Fe 2 (S0 4 ) 3 + K 2 S0 4 
Zn + K 2 S 2 O s = ZnS0 4 + K 2 S0 4 

Manganese, cobalt, nickel and lead salts are oxidized, in presence of 
alkali, to their peroxides— 

Mn(OH ) 2 + K 2 S 2 0 8 = 2KHS0 4 + MnO, 

and silver nitrate reacts with potassium persulphate (but not with am¬ 
monium persulphate) to form a black precipitate of silver peroxide— 

2AgN0 3 + K 2 S 2 O s + 2H 2 0 = 2KHSO., + 2HNO ;J + Ag,0 2 1 

Polythionic Acids, H 2 S x O G , where x may be 2, 3, 4, 5, or 6 . 

If sulphuretted hydrogen is passed slowly through a solution of sulphur 

dioxide, colloidal sulphur is precipitated, and the milky liquid, known as 

Wackenroder's solution contains tctrathionic acid, pentathionic acid and 

a trace of trithionic acids. Dithionic and hexathionic acids are also known, 

and some of their salts are well known. Thus the reaction of iodine with 

sodium thiosulphate produces a colourless solution of sodium tetrathionate 
Na 2 S 4 0 6 . 

2Na 2 S 2 0 3 + I 2 = Na 2 S 4 0 6 + 2NaI 

Halogen Compounds of Sulphur 

Sulphur hexafluoride, SF 6 , is formed when sulphur burns spontaneously 
in fluorine. It is a very stable colourless gas, its stability being in direct 
contrast with that of the other halogen compounds. 

Sulphur monochloride, S 2 C1 2 , is obtained as a yellow liquid by passing 

dry chlorine over sulphur fused in a retort. It has a pungent odour and 
fumes in moist air due to hydrolysis— 

2S 2 C1 2 + 3H 2 0 = 4HC1 + H 2 S0 3 + 3S 

It will dissolve sulphur, iodine and certain halides and is used commercially 
in the vulcanization of rubber. J 

Sulphur dichloride, SC1 2 , and sulphur tetrachloride, SC1 4 are also known 

Sulphur monobromide, S,Br 2 , is obtained on heating sulphur with bromine 
in a sealed tube. 1 

No sulphides of iodine have been reported. 

Oxy-halogen Compounds of Sulphur. The most important of these 
include thionyl chloride, SOCl 2 , chlorosulphonic acid. Cl SOoOH and 
sulphuryl chloride, S0 2 C1 2 . 2 ’ and 
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Thionyl chloride may be prepared by the action of sulphur dioxide on 
phosphorus pentachloride in the absence of moisture— 

PC 1 5 + so 2 = POCl 3 + SOCl 2 

The lower-boiling thionyl chloride (78° cf. 107°C) may then be separated 
by distillation. It is immediately hydrolyzed by water— 

SOCl 2 + 2H 2 0 = 2HC1 + H 2 S0 3 

Chlorosulphonic acid may be prepared by the action of hydrogen chloride 
gas on sulphur trioxide, again under moisture free conditions, since it is 
immediate y hydrolyzed by water— 

Cl. so 2 oh + H a O = h 2 so 4 + HC1 

Sulphuryl chloride has already been described in connexion with sulphur 
dioxide. It is a colourless liquid, readily decomposed by water— 

S0 2 C1 2 + 2H 2 0 = H 2 S0 4 -f 2HCI 

CHROMIUM 

Occurrence. The only ore of chromium having any importance is 
chromite (chrome iron ore), FeO . Cr 2 0 3 . Although theoretically this ore 
contains 68 per cent Cr 2 0 3 with 32 per cent FeO, impurities are almost 
invariably present and the commercial ore seldom contains more than 
50 per cent Cr 2 0 3 . In chromite as occurring in nature, the FeO is often re¬ 
placed by MgO, and Cr 2 0 3 by A1 2 0 3 or Fe^^ Consequently the formula 
for chromite is sometimes written as (Fe, Mg)0 . (Cr, Al, Fe) 2 0 3 . Chromite 
is often assessed on the basis of its chromium-iron ratio, thus a pure 
chromite will have a chromium-iron ratio of 1-87:1. 

The chief chromite producing countries are Turkey, Southern Rhodesia, 
the Union of South Africa, and the U.S.S.R. 

Chromite is classified into three main groups according to the needs of 
industry— 

(, a ) Metallurgical chromite, as used for the manufacture of ferrochrome, 
should have a content of not less than 48 per cent Cr 2 0 3 , with maxima of 
1-25 per cent silica, 0-5 per cent sulphur, and 0-2 per cent phosphorus. 

( b ) Refractory chromite need not have so high a minimum Cr 2 0 3 
content as metallurgical chromite. The ore should, however, be uniform in 
respect of Cr 2 0 3 content; high alumina and magnesia and low silica and 
iron contents are usually specified. A typical refractory chromite carries 
approximately 33 per cent Cr 2 0 3 , 30 per cent Al 2 O a , 17 per cent MgO, 

15 per cent FeO, and as little as 2 per cent Si0 2 . 

( c) Chemical chromite should have a content of at least 48 per cent 
Cr 2 0 3 with maxima of silica, sulphur and phosphorus similar to those 

imposed upon metallurgical chromite. 
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Extraction. Chromium is manufactured on a commercial scale by the 
following processes. 

(i) The Goldschmidt process which is an alumino-thermic reaction in 
which chromic oxide, Cr 2 0 3 , is mixed with powdered aluminium and the 
whole fired by means of a previously ignited primer of magnesium ribbon 
inserted in sodium or barium peroxide. The main reduction reaction is 
as follows— 

Cr 2 O a + 2A1 = 2Cr + A1 2 0 3 + 112 000 cal. 

The reduced chromium melts and collects in the lower portion of the 
reduction vessel from whence it is recovered after cooling. The chromium 
content of material produced by the Goldschmidt Process varies from 98-99 
per cent metal. 

(ii) The Electrolytic process in which an aqueous solution of chromic 
acid is electrolyzed gives rise to a very pure deposit of the metal. A 
typical electrolyte contains 250 g chromic acid and 2-5 p sulphuric acid 
per litre. 

(iii) A very considerable proportion of the chromite mined is converted 
into ferrochrome by reduction with carbon in an electric arc furnace. The 
chromium content of ferrochrome varies from 66-72 per cent, whilst the 
carbon varies from 0-06-0-02 per cent in the case of low-carbon ferrochrome, 
to 4-8 per cent carbon in the case of high-carbon ferrochrome. A 
material known as Crom-X is also manufactured, this consists of ferro¬ 
chrome mixed with ferrosilicon and sodium nitrate, the whole being 
pressed into briquettes. This material, like ferrochrome, is employed in the 
manufacture of low-alloy steels and irons. 

Physical Properties of Chromium 

(a) Chromium is a metal with a steel-grey colour which takes a brilliant 
polish. 

(h) The hardness of chromium varies considerably according to the 

conditions of its preparation; for example, electrodeposited chromium 

exhibits a Brinell hardness of 800-900, whilst on annealing electrodeposited 

metal, a hardness of 80-100 Brinell is exhibited. If contaminated, chromium 

is intensely hard, and may only be cut and polished by the aid of diamond 
dust. y 

(c) Chromium is a heavy metal, density 7-14. 

(d) Chromium exhibits a high melting point (1802°C), and a high 

boiling point (2482°C). 5 

Chemical Properties of Chromium 

(a) At atmospheric temperature chromium is stable in air, but when 

✓ mCta burns t0 form the § reen chr omic oxide, Cr 2 0 3 . 

{b) Chromium dissolves readily in dilute hydrochloric acid or in dilute 
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sulphuric acid to give the corresponding chromous salts which are readily 
oxidized to the chromic salts. 

Dilute nitric acid reacts with chromium to form chromic nitrate, but 
the concentrated acid renders chromium passive. 

(' c ) Steam is decomposed by chromium at red heat, thus— 

2Cr + 3H 2 0 = Cr 2 0 3 + 3H 2 f 

Uses of Chromium. Chromium has two chief uses, (i) for the manufac¬ 
ture of alloys, and (ii) for use as a protective coating. 

Chromium alloys are outstanding for {a) high thermal and electrical 
resistance, ( b) high tensile strength at elevated temperatures, (c) resistance 
to attack by many acids and alkalis, and (d) absence of deformation or 
deterioration at elevated temperatures up to 1100°C. Non-ferrous alloys 
containing approximately 80 per cent nickel and 20 per cent chromium 
find considerable application for the manufacture of electrical resistance 
elements and for items of furnace equipment such as annealing boxes, etc. 
Alloys of this series are manufactured under such trade names as 
“Nichrome," “Brightray," “Glowray” and “Pyromic." A similar alloy 
known as “Inconel" contains 80 per cent nickel, 13 per cent chromium, 
and 7 per cent iron. The alloy “Hastelloy C” containing a maximum of 
20 per cent molybdenum, 18 per cent chromium, 6 per cent tungsten, and 
7 per cent iron, with the balance of nickel is outstanding for its ability 
to resist such corrosive media as nitric acid, aqueous solutions of chlorine, 
free chlorine, acetic, formic and sulphurous acids, and the oxidizing action 
of ferric and cupric salts. 

Chromium is added to steels in contents of from 2-30 per cent. The 
2 per cent chromium steels are used for purposes where a high hardness is 
required. Chromium is often present to the extent of about 1-2 per 
cent in conjunction with nickel; these so-called nickel-chromium steels are 
of outstanding importance as alloy structural steels where a combination of 
high strength and resistance to shock are required. Chromium to the 
extent of 12-5-15 per cent is present in the “martensitic" stainless steels and 
the stainless irons, the former differing from the latter in that these stainless 
steels have a higher carbon content than the stainless irons (0-3 per cent as 
against 0-1 per cent). The “austenitic" stainless steels contain a higher 
chromium content, 18-30 per cent in conjunction with a nickel content 
of 8-20 per cent. 

Chromium is also an important constituent in many cutting materials 
used in the form of tools such as high-speed steel, an alloy containing 
approximately 18 per cent tungsten, 4 per cent chromium, and 1 per cent 

vanadium, the balance being iron. . 

Electrodeposited chromium is a very hard metal with a characteristics y 
bluish-white appearance and showing a very high resistance to tarnishing. 

In metal-finishing practice a very thin electrodeposit (000001 in. to 
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0-00005 in.) provides the necessary non-tarnishing properties. The 
electrolyte employed contains 250 g chromic acid and 2-5 g sulphuric 
acid per litre. A temperature of 50°-60°C is usually employed and a 
current density of 200-250 amperes per square foot; inert lead anodes 
are used. 

Very much heavier deposits of chromium are applied to certain engineer¬ 
ing components such as inspection gauges and various types of tools with 
the object either of improving the resistance to wear or imparting low 
frictional properties. These heavy deposits of chromium are often referred 
to as “hard'’ chromium deposits but it should be noted that such electro¬ 
deposits are no harder than the thinner coatings, nor are the methods of 
deposition different from those applied for the purpose of increasing 
corrosion resistance. 

The chief valency states of chromium are two, three and six giving rise 
to chromous compounds, chromic compounds and compounds of 
hexavalent chromium respectively. 

Chromous Compounds 

Chromous Oxide, CrO, is a black oxide formed when chromium amalgam 
is exposed to the air. 

Chromous Hydroxide, Cr(OH) 2 , is formed as a yellow precipitate when 
an alkali hydroxide solution is allowed to react with the solution of a 
chromous salt. On reaction with acids chromous hydroxide forms blue 
solutions of the corresponding chromous salts. When heated, chromous 
hydroxide yields chromic oxide, water and hydrogen— 

2Cr(OH) 2 = Cr 2 O a + H 2 0 + H 2 f 

Chromous salts are either blue in colour or alternatively form blue 
solutions and are powerful reducing agents, being more powerful in this 
respect than ferrous salts. On exposure to the atmosphere chromous 
salts are readily oxidized to the corresponding chromic salts. 

Chromous Chloride, CrCl 2 , may be prepared in the anhydrous state by 
the action of hydrogen chloride on heated chromium, or alternatively by 
reducing chromic chloride with hydrogen. Anhydrous chromous chloride 
is a white crystalline compound. The anhydrous salt forms a blue solution 
when it dissolves in water; from this solution crystals of the tetrahydrate, 
CrCl 2 .4H 2 0 may be obtained on evaporation. Alternatively, a solution 
of chromous chloride may be prepared by reduction of a solution either 

acid Chr ° mate ’ ° r ° f a chromic salt b Y means of zinc and hydrochloric 

Chromous Sulphate, CrS0 4 , may be prepared by the action of sulphuric 
acid upon metallic chromium; from the solution thus produced blue 
crystals of the heptahydrate, CrS0 4 .7H 2 0, may be obtained 
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Chromic Oxide (Chromium Sesquioxide) Cr 2 0 3 , the most stable of the 
oxides of chromium is formed when either chromous oxide or chromium 
trioxide are heated in the air. It is also formed if chromic hydroxide is 
heated, or if ammonium dichromate is heated— 


(NH 4 ) 2 Cr 2 0 7 — Cr 2 0 3 + N 2 f + 4H 2 0 . . (a) 

Alternatively, it is produced if a mixture of ammonium chloride and 
potassium dichromate is heated— 

K 2 Cr 2 0 7 + 2NH 4 C1 = Cr 2 0 3 + N 2 f + 4H 2 0 + 2KC1 . (b) 

Reactions (a) and ( [b ) involve reduction of the dichromate ion by the 
ammonium ion. 

Chromic oxide is a green powder of high chemical stability; thus it 
cannot be reduced by heating with hydrogen or with carbon monoxide. It 
is insoluble in water and is a basic oxide which reacts with acids to form 
the corresponding chromic salts; it should be noted here that chromic 
oxide which has been calcined only dissolves in acids with difficulty. 
When fused with alkalis it forms chromites, thus— 

Cr 2 0 3 + 2KOH = 2KCr0 2 + H 2 0 

On the other hand, in the presence of oxidizing agents, chromic oxide 
forms a chromate when fused with alkalis— 

2Cr 2 0 3 + 8KOH + 30 2 = 4K 2 Cr0 4 + 4H 2 0 

from 

oxidizing 

agent 

Chromic oxide is thus an amphoteric oxide. In industry, chromic oxide 
finds considerable application as a pigment, and as an abrasive. 

Chromic Hydroxide, Cr(OH) 3 , is formed as a greenish-blue precipitate 
when ammonium hydroxide or an alkali hydroxide is added to the aqueous 
solution of a green chromic salt; if a violet chromic salt is employed 
another variety, probably a hydrated form, is produced. In the freshly- 
precipitated form chromic hydroxide reacts readily with acids, it also reacts 
with excess alkali hydroxide solution to form a green solution possibly 
either of colloidal chromium hydroxide, or alternatively of alkali metal 
chromite. Chromic hydroxide is a very weak base since it is precipitate 
along with ferric hydroxide and aluminium hydroxide by ammonium 
hydroxide in the presence of ammonium chloride. 

Most of the chromic salts occur in two forms a green f°™ ^ n a 
violet form; these differing colours are due to the formation of 1 eren 

Chromic Chloride, CrCl 3 , may be prepared in the anhydrous state eithe 
by heating metallic chromium in an atmosphere of chlorine, or altema iv y 
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by heating a mixture of chromic oxide and carbon to redness in an 
atmosphere of chlorine— 

Cr 2 0 3 + 3C + 3C1, = 2CrCl 3 + 3CO t 

Chromic chloride may also be obtained in the anhydrous state by the action 
of sulphur chloride on chromic oxide, thus— 

2Cr 2 0 3 + 6S 2 C1 2 = 4CrCl 3 + 3S0 2 f + 9S 

Anhydrous chromic chloride is a reddish-violet crystalline solid which only 
dissolves in water with great difficulty. 

In the hydrated form chromic chloride may exist in several forms, vary¬ 
ing in colour from violet to green; the solutions of these hydrated forms 
exhibit similar colours to the solid salts. These differing colours are due 
to the formation of stable complex ions, thus— 

[Cr(H 2 0) 6 ] +++ Violet colour 

[Cr(H 2 0) 5 Cl] ++ Green colour 

[Cr(H 2 0) 4 Cl 2 ] + Green colour 

It should be noted that in each of these complex ions there are six groups 
(water molecules or chloride ion) attached to the chromium ion. 

Chromic Sulphate, Cr 2 (S0 4 ) 3 . 18H 2 0, is obtained in the form of 
violet crystals by the action of cold concentrated sulphuric acid on 
chromic hydroxide and evaporation of the resulting solution. 

Chrome Alum or potassium chromium alum is prepared by the reduction 
of potassium dichromate solution, acidified with sulphuric acid, by means 
of sulphur dioxide— 

K 2 Cr 2 0 7 -f H 2 S0 4 T 3S0 2 = K 2 S0 4 + Cr 2 (S0 4 ) 3 -T H 2 0 

On crystallizing the resulting solution crystals of chrome alum, 
K 2 S0 4 . Cr 2 (S0 4 ) 3 .24H z O separate out in the form of violet octahedra. 
Chrome alum finds considerable application as a mordant in the dyeing 
industry and for the tanning of leather. 

Compounds of Hexavalent Chromium 

Chromium Trioxide (Chromic Anhydride) Cr0 3 , is obtained in the form of 
dark red needles when concentrated sulphuric acid is added to a cold 
saturated solution of potassium dichromate. 

H2SO4 + K 2 Cr 2 0 7 = K 2 S0 4 T H 2 0 + 2Cr0 3 

The crystals of chromium trioxide may be separated by decantation 
washed with concentrated nitric acid to remove sulphates and sulphuric 
acid, and finally dried on a porous plate in a current of warm air 
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When heated, chromium trioxide melts at 196°C, and at 250°C decom- 
poses to yield chromic oxide and oxygen— 

4Ci 0 3 = 2Cr 2 0 3 + 30 2 f 

Chromium trioxide is a powerful oxidizing agent; thus carbon is oxidized 
to carbon dioxide. If ethyl alcohol is dropped on to the oxide it takes fire 
with the formation of acetic acid and acetaldehyde. 

Chromic oxide is very soluble in water yielding an acid solution con¬ 
taining dichromic acid, H 2 Cr 2 0 7 , and possibly small contents of chromic 
acid, H 2 Cr0 4 . 

Chromates 

Chromic Acid, H 2 Cr0 4 , has not been isolated, but a large number of salts 
of this acid are known. For convenience they may be divided into ( a ) 
soluble chromates, and (b) insoluble chromates. The chromates are often 
isomorphous with the corresponding sulphates. 

Sodium Chromate, Na 2 Cr0 4 , probably the most important of all the 
soluble chromates, is manufactured to a large extent as the first stage in the 
production of many other chromium chemicals by roasting a mixture of 
pulverized chrome ore, soda ash and lime in an oxidizing atmosphere. 
The lime serves to avoid fusion of the mix. 

4[Cr 2 0 3 . FeO] + 8Na 2 C0 3 + 70 2 = 2Fe 2 0 3 4- 8Na 2 Cr0 4 + 8C0 2 1 

The roasted mix is leached with hot water and the liquor concentrated, and 
sodium chromate is separated by direct crystallization. 

In the laboratory sodium chromate may be prepared by the addition of 
an alkali to the solution of sodium dichromate, the reactions involved 
being depicted ionically as follows— 

Cr 2 0 7 " + 20H' ^ 2Cr0 4 " + H 2 0 . . . (*) 

Cr 2 0 7 " + C<V ^ 2Cr0 4 " + C0 2 . . . (*>) 

Sodium chromate occurs in the form of deliquescent, yellow crystals. 

Potassium Chromate, K 2 Cr0 4 , is also a yellow crystalline solid; it is 
however non-hygroscopic. It is prepared by using potassium carbonate 
instead of soda ash in the process described above. Potassium chromate 
is employed in volumetric analysis as an indicator (in silver nitrate titra¬ 
tions), in the manufacture of inks, in the manufacture of certain ceramic 
and glass colours, and in the manufacture of flux and metal-coating 

compounds such as welding electrodes. 

Insoluble chromates are prepared by the addition of a soluble chromate, 
such as potassium or sodium chromate to the solution of a salt of a meta 
whose insoluble chromate is desired. Typical insoluble chromates include 
barium chromate , BaCr0 4 , which is yellow, strontium chromate , SrCr 4 , 
also yellow, lead chromate , PbCr0 4 also yellow and often termed chrome 
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yellow, when treated with sodium hydroxide lead chromate yields 
basic lead chromate, PbCr0 4 . PbO, a pigment known as chrome red. 
Silver chromate, Ag 2 Cr0 4 , is brick-red in colour. 

Dichromates. Sodium chromate manufactured as described above 
from chrome ore, soda ash and lime, is treated with sulphuric acid whilst 
in aqueous solution; on evaporation sodium sulphate crystallizes first and 
on further evaporation sodium dichromate dihydrate separates out. 

2Na 2 Cr0 4 -f H 2 S0 4 = Na 2 S0 4 + Na 2 Cr 2 0 7 + H 2 0 

Potassium Dichromate, K 2 Cr 2 0 7 , is prepared by adding potassium 
chloride to an aqueous solution of sodium dichromate when the potassium 
salt, being only slightly soluble, separates out in the form of anhydrous 
orange-red crystals. 

For many purposes, on account of its lower cost and higher solubility 
in water, sodium dichromate is preferred to potassium dichromate. These 
two dichromates resemble one another closely in their chemical properties. 
Sodium dichromate is employed in the manufacture of pigments, for 
producing corrosion-resisting films on magnesium-base light alloys, and 
for colouring copper-base alloys such as brasses. 

Potassium dichromate is used in the manufacture of certain types of 
blue print paper, in photographic processing and in certain specialized 
textile and tanning processes. In the laboratory potassium dichromate is 
employed in volumetric analysis as an oxidizing agent; in acid solution, 
one molecule of the salt will provide three atoms (i.e. six equivalents) of 
oxygen— 

2K 2 Ci 2 0 7 + 8H 2 S0 4 = 2K 2 S0 4 + 2Cr 2 (S0 4 ) 3 + 60 -j- 8H 2 0 

Thus, one molecule of potassium dichromate will oxidize six atoms (i.e. 
six equivalents) of ferrous iron— 

K 2 Cr 2 0 7 + 7H 2 S0 4 + 6FeS0 4 = 

3Fe 2 (S0 4 ) 3 + Cr 2 (S0 4 ) 3 -f- K 2 S0 4 + 7H 2 0 

In a similar manner, potassium dichromate will oxidize halides quanti¬ 
tatively to the corresponding halogens as shown by the following typical 
equation— b 


K 2 Cr 2 0 7 + 7H 2 S0 4 + 6KI = 4K 2 S0 4 + Cr 2 (S0 4 ) 3 + 3I 2 + 7H..O 


Potassium dichromate is also employed as a volumetric oxidizing agent in 
chemical analysis to oxidize quantitatively ferrous salts to ferric salts 
sulphurous acid to sulphuric acid, etc. 

When heated to high temperatures sodium and potassium dichromates 
decompose as follows— 


4Na 2 Cr 2 0 7 = 4Na 2 Cr0 4 + 2Cr 2 0 3 + 30 2 f 
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In aqueous solution, the addition of an alkali results in the formation of the 
corresponding chromate, thus— 

Cr 2 0 7 " + 20H' ^ 2Cr0 4 " + H 2 0 

Chromyl Chloride, Cr0 2 Cl 2 , is prepared by the action of concentrated 
hydrochloric acid and concentrated sulphuric acid on an aqueous solution 
of chromic acid; the mixture is cooled and after standing, the lower layer 
of chromyl chloride is run off by means of a tap funnel. 

Chromyl chloride is a dark red liquid, boiling at 116°C. It is hydrolyzed 
in aqueous solution to form chromic and hydrochloric acids. It is therefore 
possible to use these facts as a means of detecting the presence of chlorides 
in the presence of bromides and iodides since neither of these two latter 
groups of compounds form compounds comparable to chromyl chloride. 

To carry out a test to detect the presence of a chloride, the suspected 
substance is heated with potassium dichromate and concentrated sulphuric 
acid; if a chloride is present, chromyl chloride is formed which distils over 
and reacts with water tQ form a solution of chromic acid. This is readily 
detected by adding an aqueous solution of lead acetate when an insoluble 
yellow precipitate of lead chromate is formed. The sulphuric acid fulfils 
two purposes, (a) to react with the suspected substance to yield the 
hydrogen chloride—on the presumption that a chloride is present, and 
(< b ) to react with potassium dichromate to yield chromium trioxide which 
reacts with the hydrogen chloride to form chromyl chloride. 



CHAPTER 25 


THE ELEMENTS OF GROUP VII 

The elements of Group VII fall into two sub-groups—A, the halogens, and 
B, manganese, technitium and rhenium. 

/Manganese—Technitium—Rhenium—VIIA 
Fluorine—Chlorine<(" 

^Bromine—Iodine VIIB 

Little is known, as yet, about the chemistry of technitium and rhenium, 
and there appears little resemblance between manganese and the halogens 
apart from the formation of permanganates which are isomorphous with 
the perchlorates. Permanganic and perchloric acid are both monobasic 
and powerful oxidizing agents. 


THE HALOGENS 

The elements fluorine, chlorine, bromine and iodine are known collectively 
as the halogens , a term coined by Berzelius in 1825 to describe their property 
of forming salts by direct combination with most metals. They are non- 
metallic elements, although the hydroxy-compounds of iodine are rather 
more basic than acidic. 

The expected decrease in volatility occurs with increase in molecular 
weight; thus, fluorine and chlorine are both gases at ordinary temperatures, 
bromine is liquid and iodine is solid. 


Halogen 

Symbol 

State 

Atomic 

Weight 

Melting 

Point 

Boiling 

Point 

Fluorine . 1 

F 

Pale yellow gas 

19-00 

- 223°C 

- 187°C 

Chlorine 

Cl 

Greenish-yellow gas 

35-46 

- 102°C 

- 34°C 

Bromine 

Br 

Reddish liquid 

79-92 

- 7°C 

+ 59°C 

Iodine 

I 

Violet solid 

126-92 

+ 113°C 

1 

4- 184°C 


As a family the halogens are all univalent and form both covalent and 
electrovalent compounds. In the following table the electronic structure 
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of the halogens is compared with that of the inert gases which form the 
next group of the Periodic Table— 


F 2 . 

7 



Ne 2 . 

8 



Cl 2 . 

8 . 

7 


A 2 . 

8 . 

8 


Br 2 . 

8 . 

18 . 

7 

Kr 2 . 

8 . 

18 . 

8 . 

I 2 . 

8 . 

18 . 

18 . 7 

Xe 2 . 

8 . 

18 . 

18 . 8 


It will be noted that each halogen requires one additional electron in 
order to acquire the “inert-gas” structure. This additional electron may 
be acquired by one of two processes, namely, the formation of either a 
covalent or of an electrovalent linkage (see p. 68). 

The molecules of the halogens are covalent and have the formulae 
F 2 , Cl 2 , Br 2 and I 2 . Other examples of covalent halogen compounds 
include hydrogen chloride, HC1, and other halogen compounds of the 
non-metals such as carbon tetrachloride, CCJ 4 , and phosphorus trichloride 
PC1 3 . Such compounds are usually gaseous or else liquids or solids with 
relatively low melting points and boiling points. On the other hand, the 
halides of the more electropositive metals are electrovalent (e.g. sodium 
chloride, potassium chloride, etc.). These are solids with high melting 
points and dissolve in water without hydrolysis. With the less electro¬ 
positive metals (Fe, Sn, Pb, etc.), the salt-like nature of the halides is less 
pronounced. Thus the compounds FeCl 3 , SnCl 4 , and PbCl 4 are either 
solids or liquids with low boiling points, properties which suggest that they 


are mainly covalent, e.g. 



In the presence of water these compounds ionize, often with appreciable 
hydrolysis— 


Ionization 


Hydrolysis 



3HC1 


The insoluble halides, such as silver chloride and mercurous chloride, are 

mainly covalent, Ag—Cl and Cl—Hg—Hg Cl. 

The covalent nature of the halogen compounds of the non-metais is 

revealed by their low melting points and boiling points. They are usua y 




THE HALOGENS 


111 


more or less rapidly hydrolyzed by water and fume in moist air due to the 
liberation of the hydrogen halide— 



-OH 
-OH = P 
-OH 


OH 

OH + 3HBr 
OH 


(that is, PBr 3 + 3H>0 = H 3 P0 3 + 3HBr) 


This reaction will be referred to later in connexion with the laboratory 
method for preparing hydrogen bromide and hydrogen iodide. Not all 
the halogen compounds of the non-metals are hydrolyzed by water, how¬ 
ever, and the following exceptions should be carefully noted— 

Not hydrolyzed by water—NF 3 , CF 4 , CC1 4 , PF 5 and SF G . 

The oxy-compounds of the halogens were until very recently considered 
to have such formulae as— 

O O 

^ A 

H—O—Cl; H—O—Cl—>0; H—O—Ci-^O; H—O—Cl-^O 

T 

o 

with the additional oxygen atoms (after hypochlorous acid, HOC1) 
attached by co-ordinate links (see p. 75). It is now considered, however 
as a result of the realization that the true co-ordinate linkage occurs much 
less frequently than was formerly supposed, that in these oxy-compounds 
the oxygen is linked by a normal double covalency bond, and the valency 
of the halogen increases in the order 1,3,5 and 7— 3 


O 


O 


H O Cl; H—O—Cl=O; H-0-Cl=0; H-0-CI= 


O 


O 

A similar increase in covalency occurs in certain interhalogen compounds 
particularly those of iodine, such as ICI 3 , IF 5 , IF, and also I 2 O s . 

Comparative Review of the Properties of the Halogens 

1. Increase in atomic weight corresponds to a progressive change in 

physical properties—colour, melting and boiling points, odour, poisonous 
nature, and solubility. r 

2. General chemical reactivity decreases from fluorine to iodine 
Fluorine is the most reactive element known, and chlorine, bromine and 
iodine show a progressive decrease in reactivity in this order. 
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3. Fluorine has such a high affinity for hydrogen that it will explode or 
otherwise react vigorously with compounds containing this element, 
e.g. water, hydrocarbons, etc. Chlorine reacts much less vigorously with 
such compounds, although under the right conditions of photo-chemical 
activation it will react explosively with hydrogen. The affinity for hydrogen 
decreases further with bromine and is least with iodine. 

4. This decreasing reactivity for hydrogen is paralleled by a similar 
decreasing reactivity of the halogens, in the order fluorine to iodine, 
towards the metals. 

5. The stability of the compounds formed with the non-metals increases, 
in general, from fluorine to iodine. In particular, the oxy-compounds of 
iodine are more stable than the oxy-compounds of the other halogens, but 
this may be due to a difference in the chemical nature of these compounds 
since the oxy-compounds of bromine are relatively few and unimportant. 
The most stable oxy-compounds of each halogen are those containing the 
most oxygen; thus perchloric acid, HCI0 4 , is much more stable than 
hypochlorous acid, HOC1. 

6. In many of its properties iodine shows a more or less abrupt change 
as compared with those of the other halogens. This behaviour is explained 
by the fact that whereas fluorine is the most electro-negative of all the 
elements (with chlorine and bromine progressively less electronegative), 
iodine is predominantly electropositive in many of its compounds. 

7. Fluorine is also anomalous in many of its properties when compared 
with the other halogens, and is in many respects similar to oxygen. 

FLUORINE 

Fluorine and the other halogens do not occur free in nature, a fact which 
indicates their high chemical reactivity. The principal minerals containing 
fluorine are fluorspar (or calcium fluoride) CaF 2 , cryolite (or sodium 
aluminium fluoride) Na 3 AlF 6 , and fluor-apatite CaF 2 . 3Ca 3 (P0 4 ) 2 . 

Preparation. The element was first isolated by Moissan in 1886 by 
the electrolysis of a solution of potassium fluoride (KF) in anhydrous 
hydrogen fluoride at — 23°C. The electrolysis was carried out in a U- 
shaped platinium-iridium vessel as shown in the diagram opposite. 
The platinum-iridium electrodes were insulated from the cell by stoppers ol 
fluorspar and on passing the current fluorine gas was evolved from the 
anode. The temperature of the cell was maintained in the region ol 
—23°C by immersion in a bath of boiling methyl chloride (b. p. -23 C). 

This method of preparing fluorine resulted only after numerous other 

methods had unsuccessfully been attempted. 

(a) Electrolysis of hydrofluoric acid as the electrolyte fails because any 

fluorine liberated immediately reacts with the water present 

2F 2 -f 2H 2 0 = 4HF -f 0 2 

Water must therefore be absent. 
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(b ) Anhydrous HF (a liquid, b. p. 19*5°C) also fails as the electrolyte 
because it is a non-conductor of electricity. 

(c) Electrolysis of fused fluorides, such as KF, fails because of the very high 
melting points of such compounds, and the very great reactivity of fluorine at 
such temperatures. Electrolysis of aqueous solutions of fluorides fails for the 
same reason as ( a ). 

The problem was eventually solved, as described above, when it was 
discovered that although anhydrous hydrogen fluoride is a non-conductor 
it is a very good ionizing solvent (compare with water, which is a poor con¬ 
ductor but also a very good ionizing solvent), so that solutions, such as that 
used by Moissan, may be successfully electrolyzed. Since anhydrous HF 


Calcium Fluoride 


■ 1 r 

Fluorine 



Solution of - 
KHF 2 in HF 


Platinum - Iridium 
Alloy Electrodes 

Methyl Chloride 
(bpt.-23°C) 


Fig. 237. Preparation of Fluorine 


boils at about room temperatures (19-5°C), it became necessary to work at 

lower temperatures to reduce the loss of HF by evaporation. The use 

of methyl chloride resulted from the convenient boiling point of this 
liquid. 

Considerable progress in the preparation of fluorine on a commercial 
scale was made during the second World War, principally in Germany and 
in the United States. Numerous processes have been described, differing 
mainly in the design of the electrolytic cell and in the composition of the 
electrolyte, so that no standard process can be described. In general, 
however, the cells are of the diaphragm type, with a metallic grid separating 
the anode and cathode compartments, and the electrolyte is a fused 
anhydrous hydro-fluoride, such as KF.2HF (in the cell operating at 
about l^C) or KF.HF (in the higher temperature cells). Small amounts 
of lithium fluoride (LiF) (often less than 1 per cent) are added to the 
electrolyte to lower the melting point. The anodes consist of graphite 
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electrodes, often impregnated with metallic copper to improve their 
strength and chemical resistance, whilst the cathodes are usually of ordinary 
carbon steel. The cell is also of carbon steel, but where contact with 
fluorine occurs, Monel-metal or other nickel alloy is preferred. 

It is absolutely necessary that the delivery pipes, and in fact all parts of the 
plant which come into contact with the very active fluorine, be kept free 
from moisture, oils, grease, and other hydrogen-containing compounds. 
Failure to observe this necessary precaution may result in the fluorine 
“burning” through the metal, sometimes producing flames of white hot 
intensity due to the combustion of the metal in the fluorine. The reaction 
of the fluorine, in the first instance, with such waste materials (oil, etc.) 
develops sufficient local heat to promote vigorous attack of the metal 
container with results as stated above. 

Properties. Fluorine is a colourless gas in dilute concentrations, but, 
when concentrated, it has a greenish tinge and is more yellow than chlorine. 
It has a pronounced odour, when dilute resembling that of ozone, and is 
said to be detectable by smell to a few parts per million. Its melting and 
boiling points are —233 C and —188 C respectively. 

Chemically, fluorine is the most reactive of all elements. It combines 
with practically every material under suitable conditions, and in most 
cases the reaction occurs spontaneously at ordinary temperatures. It 
does not however react with the inert gases, nor with compounds which 
are already fully combined with fluorine, such as CF 4 and the metallic 
fluorides, such as CaF 2 , CuF 2 , KF, etc. 

Reaction of Fluorine with Hydrogen. The enormous affinity of fluorine 
for hydrogen is shown by such reactions as— 

(a) Solid fluorine explodes violently with liquid hydrogen at —253 C 

H 2 + F 2 = 2HF 

(b) Fluorine reacts spontaneously and often violently with compounds 
containing hydrogen. Thus, vigorous reaction occurs with water— 

2F 2 + 2H 2 0 = 4HF + 0 2 

Sometimes, however, water has been observed to accumulate in presence 
of fluorine, until suddenly the reaction occurs with explosive violence. 

(c) The spontaneous reaction between fluorine and most organic 
compounds containing hydrogen has already been mentioned as one o 
the hazards encountered in the commercial manufacture of the gas. 

Reaction of Fluorine with other Non-metals. These, with the exception o 
the inert gases, oxygen, nitrogen, and possibly chlorine, all react vigorous y 
with fluorine even at ordinary temperatures. Mixtures of fluorides are 
usually formed (e.g. PF 3 and PF 5 ). The student should P artl ^ u ^ ar v 
note the ability of fluorine to form compounds in which the other elemen 
develops its maximum valency, e.g. PF 5 , SF 6 (and OsF 8 ). ow e 
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charcoal, phosphorus and sulphur are ignited by fluorine to form carbon 
tetrafluoride and mixtures of the sulphur and phosphorus fluorides 
respectively, the reaction with charcoal being particularly remarkable in 
view of the non-reactivity of the other halogens with this element. 

Fluorine readily attacks both free and combined silicon (silicates, glass, 
etc.) to form silicon tetra-fluoride, SiF.„ but the reaction with glass is said 
not to occur if the fluorine is free from HF and the glass is dry. A novel 
method of detecting fluorine when present in quantity is to expose a piece 
of asbestos cord or glass wool to the gas. If these burst into flame, then the 
gas is fluorine. This high reactivity is also revealed by the fact that windows 
of laboratories in which work on fluorine is being carried out become 
uniformly frosted after a few weeks, although the atmosphere of the 
laboratory may itself be comparatively free from fluorine. It has been 
noted that fluorine has no action on dry glass, and this suggests that the 
etching action is due to the HF liberated by the action of fluorine on 
moisture present. 

Boron ignites in fluorine to form boron trifluoride, BF 3 , a colourless 
fuming gas, which reacts vigorously with water (see below). 

Reaction of Fluorine with Metals. The reactive alkali and alkaline-earth 
metals ignite spontaneously in fluorine at ordinary temperatures, to form 
the corresponding fluorides, NaF, etc. With the less reactive metals 
(Fe, Cu, etc.) the reaction is comparatively slow at ordinary temperatures 
but becomes vigorous at higher temperatures. Sufficient heat is then 
liberated to make the reaction self-sustaining—that is, no further heating 
is necessary. The relatively greater resistance shown by nickel (and 
Monel metal), copper, magnesium and aluminium as compared with iron 
and steel is attributed to the protective action of the fluoride film (e.g. 
CuF 2 ) which quickly covers the exposed surface of the metal. In the case 
of iron and steel, the FeF 3 film is less protective and reaction occurs at 
less elevated temperatures, becoming vigorous and self sustaining at 
400°C-500°C. 5 

Uranium hexafluoride, UF C , is especially interesting because it is the only 
uranium compound obtainable in the form of a gas. It is also one of the 
most reactive substances known; it reacts explosively with practically 
every organic compound. J 

Reaction of Fluorine with Organic Compounds. No organic compound, 
with the exception of CF 4 is completely resistant to fluorine. A small, but 
increasing, number of fluorine-substituted organic compounds are now 
manufactured commercially. These include the freons, a class of liquid 
compounds of the type CC1 2 F 2 , which are rapidly becoming important in 
refrigeration and air-conditioning plant. Their use permits considerable 
reduction in the size of the plant, and is not attended by the usual dangers 
associated with escape of ammonia or sulphur dioxide from the more 
conventional plant. Teflon is a thermoplastic fluocarbon in many ways 
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analogous to polythene produced by the high pressure polymerization of 
ethylene. 

Ethylene (C 2 H 4 ) polymerized Polythene (Alkathene) 
Tetrafluo-ethylene (G 2 F 4 ) polymerized -> Teflon 

Teflon is relatively stable thermally and is quite inert to chemical reagents. 

Compounds of Fluorine 

Hydrogen Fluoride is prepared by the action of concentrated sulphuric 
acid on fluospar— 

CaF 2 + H 2 S0 4 = CaS0 4 j + 2HF 

Glass apparatus cannot be used because it is attacked by the HF. The 
reaction is carried out instead in cast-iron retorts and the HF distillate 
absorbed in water contained in lead boxes. The aqueous solution, so 
produced, is usually stored in gutta-percha (rubber), lead or waxed 
Dottles. The anhydrous acid is prepared by carefully heating the hydro- 
fluoride KHF 2 (prepared by adding KF to the aqueous solution of HF 
and evaporating) to drive oft' moisture, followed by more vigorous 
heating to decompose the KHF 2 and liberate the HF. 

KHF 2 = KF + HF 

The liquid HF which distils over is then electrolyzed between platinum 
electrodes to remove the last traces of water, a reaction which becomes 
intelligible when it is remembered that anhydrous HF is a non-conductor. 
The anhydrous acid, unlike the aqueous acid, does not attack glass but 
does attack rubber. It is therefore stored in glass vessels. 

Properties of Hydrogen Fluoride. Both the anhydrous and its aqueous 
solution should be treated with respect, since contact with the skin raises 
blisters, and the vapours if inhaled may have serious effects. 

The anhydrous acid is a liquid at ordinary temperatures, the boiling 
point being 19-5°C. The aqueous solution, like the other halogen acids, 
forms a constant boiling mixture which in this case contains 37 per cent 
HF and boils at 120°C. 

Concentrated aqueous solutions of HF behave as a weak monobasic 
acid, but the formula of the acid in solution is not HF but rather H 2 F 2 . 
The [HF.,]~ ion found in such compounds as KHF 2 is thought to have the 
structure [F—H..F]~ involving a so-called “hydrogen bond.” Vapour 
density determinations of the anhydrous acid at ordinary temperatures 
indicates the structure to be predominantly H 3 F 3 , although more probably 
it is a mixture of H 2 F 2 , H 3 F 3 , H 4 F 4 and H 5 F 5 , in which the highly polar 
HF molecules link themselves by dipolar forces rather than by definite 
valency bonds. There is no evidence that the valency of fluorine is ever 
other than one. 
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Action of H 2 F 2 on Silica and Glass. Strong solutions of H 2 F 2 readily 
attack silica to form the gas silicon tetra-fluoride, which reacts with excess 
of H 2 F 2 to form hydrofluosilicic acid, H 2 SiF 6 . If heated the latter decom¬ 
poses and the SiF 4 escapes. 

Si0 2 + 2H 2 F 2 = SiF 4 f + 2H 2 0 
SiF 4 + H 2 F 2 = H 2 SiF G 

This reaction is the basis of the quantitative method for estimating silica, 
for example, in the analysis of minerals and ores. The loss in weight of the 
platinum crucible and contents after repeated heating with small quantities 
of H 2 F 2 gives directly the weight of silica in the original sample. 

The etching of glass is a similar reaction and if carried out at ordinary 
temperatures results in the formation of fluosilicates, for example— 

CaSi0 3 4- 3H 2 F 2 = CaSiF 6 + 3H 2 0 

Silicon tetrafluoride is hydrolyzed by water to form silicofluoric acid and 
silicic acid— 

3SiF 4 + 4H,0 = 2H 2 SiF G + Si(OH) 4 

Well known salts of silicofluoric acid include potassium silico-fluoride 
(or fluosilicate) K 2 SiF G and also PbSiF f) . 

Boron Trifluoride, BF 3 , formed by the action of H 2 F 2 on B 2 0 3 , shows, 
like SiF 4 , a similar reactivity towards water— 

4BF 3 -f 3H 2 0 = 3HBF 4 + H 3 B0 3 

fluoboric 

acid 

Oxides of Fluorine. The only oxide of fluorine known to be stable at 
room temperature is fluorine monoxide, F 2 0. It is prepared together with 
oxygen and ozone by passing fluorine through a 2 per cent solution of 
sodium hydroxide— 

2NaOH + F 2 = 2NaF + F 2 0 + H 2 0 

It is a colourless gas (b. p. — 146 c C,) which does not attack glass and is a 
powerful oxidizing agent. 

Estimation of Fluorine. Fluorides are detected most simply by treating 
the solid with concentrated sulphuric acid and holding a wet glass rod 
in the liberated HF gas. If the glass rod becomes frosted, the presence of 
a fluoride is indicated. 

Quantitatively, fluorine and fluorides are estimated by conversion into 
the insoluble CaF 2 , or better the compound PbCIF. 

Uses of Fluorine. The commercial application of fluorine compounds is 
increasing rapidly at the present time, as a result of the successful com¬ 
mercial production of the gas. Examples of such applications include— 

{a) The use of the freons in refrigeration and air-conditioning plant. 
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(b) The use of H 2 F 2 and BF 3 in the petroleum industry as catalysts in 
the synthesis of high octane petrols by alkylation processes. 

(c) The use of sulphur hexa-fluoride, SF 6 , as an insulator in high-voltage 
and X-ray apparatus. 

(d) Plastic fluocarbons, such as Teflon, analogous to, but much more 
stable thermally and resistant chemically than polythene. 

(e) The use of compounds, such as C1F 3 in incendiary warfare—since 
relatively small quantities of such compounds may ignite petroleum, and 
other inflammable fluids. 


Summary of Fluorine Chemistry 

1. Most reactive element known. Valency is one. In all its reactions, 
fluorine is strongly exothermic. 

2. Combines directly with nearly all elements and compounds, the 
principal exceptions being the inert gases, oxygen, CF 4 and other com¬ 
pounds fully combined with fluorine (CaF 2 , SF 6 , etc.). 

3. Fluorine appears to have the exceptional power of exciting the highest 

valency of other elements. Thus PF 5 and SF 6 are both very stable and 
show no tendency to thermal dissociation; JF 5 and OsF« are stable to 
400°C. 8 


4. Extremely reactive towards hydrogen and hydrogen-containing 
compounds (water, hydrocarbons, etc.). 

5. Forms fluo-compounds with the other halogens— 


C1F 3 (b. p. 12°C) BrF 3 (b. p. 127°C) IF 5 (b. p. 97°Q 

BrF 5 (b. p. 40°C) IF 7 (b. p. 5-6°C) 


6. Most of the compounds of fluorine with non-metals fume in air and 
are immediately hydrolyzed by water—exceptions include NF 3 , PF 5 , CF 4 , 
SF 6 , whilst IF 7 is only slowly attacked. 

7. Does not form oxy-compounds analogous to those of chlorine and 
the other halogens. F 2 0 is the only oxide stable at ordinary temperature. 

8. Hydrogen fluoride—formula not simple. Aqueous acid is mainly 
H 2 F 2 , and is a weak acid. Attacks silica, glass, etc. The anhydrous acid, 
formula probably H 3 F 3 , is a liquid (b. p. 19-5°C). It is a non-conductor 
but is a good ionizing solvent. 

9. AgF is soluble in water (AgCl, AgBr, Agl are all insoluble). CaF 2 
is insoluble (CaCl 2 etc., are deliquescent soluble salts). 


CHLORINE, BROMINE AND IODINE 

The remaining halogens are sufficiently similar in their properties to 
justify discussing their chemistry together. It is hoped, by this treatment, 
that the student will be better able to appreciate this similarity in properties 
and, where differences do occur, to focus more easily on the reasons for 
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such differences. Unless specifically stated, the reactions discussed below 
for chlorine apply also to bromine and iodine. 



Occurrence. Common Salt (sodium chloride) NaCl, Sylvine (potassium 
chloride) KC1, Carnallite (potassium magnesium chloride) 

KC1 . MgCl 2 .6H 2 0 

are a few of the more abundant compounds of chlorine which are found in 
nature. The Stassfurt deposits contain about 1 per cent of magnesium 



bromide , smaller quantities of which occur in sea, mineral and spring 
waters. The Dead Sea contains about 9 per cent magnesium bromide. Like 
bromine, iodine compounds are widely distributed in nature. Thus small 
quantities occur in sea water, sea-weed, in oil-well brines, and also as the 
important sodium iodate in the Chile saltpetre deposits. 
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Preparation. The general method in the laboratory is to add concen¬ 
trated sulphuric acid to a mixture of the halide and manganese dioxide 
and heat. 

KC1 + H 2 S0 4 = KHS0 4 + H Cl 
Mn0 2 4- 4HC1 = MnCl 2 + 2H 2 0 4- Cl 2 

Manganic chloride (MnCl 3 ) is formed as an unstable intermediate product 
but this decomposes to form manganous chloride and liberate chlorine. 
Chlorine, being a gas, is collected by upward displacement of air but may 


Cold 



Fig. 240. Preparation of Iodine 

be purified by bubbling through water to remove hydrogen chloride and 
then through concentrated sulphuric acid to dry it. In the case of bromine, 
the reaction is usually carried out in a retort and the bromine distilled over, 
whilst in the case of iodine, the latter is separated by condensing the iodine 
vapours on a cool surface, as illustrated in the diagram (Fig. 240). 

A modification of the above method is to treat the manganese dioxide 
directly with concentrated hydrochloric acid and heat, but if potassium 
permanganate be used instead of the manganese dioxide, the reaction 
occurs readily at ordinary temperatures, a suitable form of apparatus 

being as shown— 

2KMn0 4 + 16HC1 = 2KC1 4- 2MnCI 2 4- 5C1 2 t + 8 H 2 ° 

Since HBr and HI are both more easily oxidized (HI>HBr) than HC1, 
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less powerful oxidizing agents may be used in these cases. Thus solutions 
of ferric salts, hydrogen peroxide, chlorine, etc., all liberate iodine from 
solutions of HI at ordinary temperatures, and even the oxygen of the air 
slowly liberates free iodine— 

2FeCl 3 + 2HI = 2FeCl 2 + 2HC1 + I 2 
H 2 0 2 -f 2HI = 2H.>0 + I 2 
Cl 2 + 2HI = 2HC1 + I 2 

Chlorine is also produced at ordinary temperatures by the action of 
dilute acids on hypochlorites and bleaching powder— 

NaOCl + 2HC1 = NaCl + H,0 + Cl 2 f 

an intermediate reaction in such cases being the formation of hypo- 
chlorous acid, which is stable only in dilute solutions— 

NaOCl + HC1 = NaCl + HOC! 

HOC1 + HC1 = H.O + Cl 2 

Hypobromites are unimportant and the existence of hypo-iodites is 
doubtful. 

Very pure chlorine may be prepared by the electrolysis of fused silver 
chloride using carbon electrodes. 

Chlorine (or chlorine-water) will displace bromine and iodine from 

solutions of their simple salts; bromine similarly will displace iodine from 
iodides— 

Cl 2 + 2KBr = 2KC1 + Br 2 
Cl 2 + 2KI = 2KC1 + I 2 
Br 2 + 2KI = 2KBr + I 2 

Commercial Methods of Preparation. The most important present-day 
source of chlorine is the by-product chlorine obtained from the electrolysis 
of brine in the manufacture of caustic soda (see p. 428). The hot 
chlorine evolved at the carbon anodes is first cooled to condense most of the 
water-vapour and then dried via concentrated sulphuric acid. After drying 
(but not before), the chlorine may be stored in iron or steel vessels. The 

dry chlorine is usually liquefied and supplied in small steel cylinders 
usually painted yellow. * 

The older processes include— 

(a) Weldon Process. This process represented an improvement on the 
original Scheele process involving the action of hot concentrated hydro¬ 
chloric acid on pyrolusite (impure Mn0 2 )— J 

MnO z -{- 4HC1 = MnCl 2 + Cl 2 \ + 2H 2 0 
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The spent liquors (mainly MnCl 2 ) were neutralized with limestone (to 
remove the residual HC1) and then treated with excess of milk of lime— 

MnCl 2 + Ca(OH) 2 = Mn(OH) 2 j + CaCl 2 

The suspension of manganese hydroxide was then heated to about 60°C 
by passing in steam and then oxidized to manganic hydroxide by blowing 
air through it. The latter, being amphoteric, combines with the excess of 
milk of lime to form calcium manganite— 

2Mn(OH) 2 4- 2Ca(OH) 2 + 0 2 = 2CaMnO a + 4H 2 0 

The resulting “Weldon mud” of CaMn0 3 is then used to regenerate more 
chlorine by the action of fresh HC1. (Note the ease with which manganous 
hydroxide is oxidized in alkaline solution, and that CaMn0 3 behaves 
virtually as Mn0 2 .) 

( b ) Deacon s Process. In this process HC1 gas mixed with about four 
times its volume of air is preheated to about 450°C and passed over porous 
earthenware impregnated with copper chloride contained in vertical 
cylinders. The net reaction is— 

4HC1 + 0 2 = 2C1 2 + 2H 2 0 + 28,000 cal. 

The catalytic action of the copper chloride is considered to result from the 
decomposition of cupric chloride, followed by regeneration of more 
cupric chloride, and so on— 

2CuC 1 2 = Cu 2 Cl 2 + Cl 2 f 
2 Cu 2 C1 2 + 0 2 + 4HC1 = 4CuC 1 2 + 2H z O 

The disadvantages of the process are briefly that the resulting chlorine 
is too dilute for it to be liquefied, and the catalyst needs frequent renewal. 
After removal of the HC1 and steam by washing, the dilute chlorine is 
used directly in the manufacture of bleaching powder (see p. 804). 

The two most important processes for obtaining bromine are-— 

From the Stassfurt Deposits. The mother liquor remaining a ter 
crystallizing out most of the potassium and magnesium chlorides contains 
about 0*25 per cent of bromine as magnesium bromide. By passing 
chlorine counter-current up a tower down which flows the mother iquor 
the following reaction occurs and the liberated bromine is carried over as 

a vapour— 

MgBr 2 + Cl 2 = MgCI 2 + Br 2 

This is condensed in earthenware coils immersed in water. Uncondensed 
bromine and the excess chlorine are absorbed by wet iron filings ( or g 
FeCl 3 and FeBr^ and the FeBr 2 subsequently used to produce mo 

bromine. 
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From Sea Water. The very small quantities of bromine (as bromide) 
contained in sea water (65-70 parts per million) are now recovered com¬ 
mercially by the following sequence of reactions— 

(i) Treatment with chlorine liberates the bromine which forms a very 
dilute solution in the water— 

Cl 2 + 2NaBr = 2NaCl + Br 2 t 

(ii) By blowing air through this dilute solution, the bromine is driven 
off as the vapour, but this has to be concentrated before it can be separated. 

(iii) This concentration is effected by mixing the moist bromine-contain¬ 
ing air with sulphur dioxide and passing through an absorption tower— 

Br 2 + S0 2 + 2H 2 0 = 2HBr + H 2 S0 4 


Water Gas 



Fig. 242. Iodine from Chilean Nitrate Mother Liquor 


The solution of HBr (and Br 2 ) so produced is continuously recirculated 
in the tower against fresh bromine-containing air until its concentration 
is sufficient for the final stage. 

(iv) Treatment with chlorine then liberates bromine in sufficient 
concentrations for it to be distilled over and condensed. 

Commercial bromine may be freed from chlorine impurity by distilling it 
with a metallic bromide, and may be dried by anhydrous calcium bromide— 

FeBr 2 + Cl 2 = FeCl 2 + Br 2 f 

The three most important processes for iodine are— 

From Chile Saltpetre Deposits. The mother-liquor obtained from the 
purification of the crude Chile saltpetre (NaN0 3 ) contains about 6-12 g of 
iodine (mainly as NaI0 3 ) per litre. The liquor is passed down a tower up 
which passes a stream of sulphur dioxide gas— F 

2NaI0 3 + 4H 2 0 + 5S0 2 = Na 2 S0 4 + 4H 2 S0 4 + I 2 
The iodine is filtered off through canvas bags, which are then squeezed 
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to remove the bulk of the moisture. The resulting cake (containing about 
80 per cent of iodine) is then sublimed from cement-lined retorts and the 
iodine vapour condensed in earthenware pipes. 

From Oil-well Brines. These contain from 30-70 parts of iodide per 
million. Various processes have been described, but the two most 
important appear to be— 

(i) A process similar to that involved in the recovery of bromine from 
sea water described above. The stages are the same, (a) liberation of the 
iodine, ( b) removal of the iodine as vapour, (c) conversion into HI and 
concentration by means of sulphur dioxide, and ( d ) treatment with 
chlorine to reliberate the iodine which is filtered off. 

(ii) Silver iodide process; treatment of the brine with a 2 per cent solu¬ 
tion of silver nitrate, containing a little ferric chloride as a coagulant, 
produces a mixed precipitate of silver iodide and ferric hydroxide. After 
treatment of this precipitate with concentrated HC1 to dissolve the Fe(OH) 3 , 
steel scrap is added to give a solution of ferric iodide— 

2AgI + Fe = Fel 2 4- 2Ag 

The action of oxidizing agents, such as nitric acid or chlorine, then liberates 
the iodine which is filtered off and purified by melting under concentrated 

sulphuric acid. 

From Sea-weed. The sea-weed, after drying, is carefully burnt and the 
ash then extracted with water. After crystallizing out most of the potassium 
sulphate, potassium and sodium chlorides, the mother liquor containing 
bromine as sodium bromide is either heated with manganese dioxide an 
concentrated sulphuric acid or treated with chlorine to liberate the 10 me. 
In the former case, the iodine distils over and is condensed; in the latter, 

the iodine is precipitated. . h 

Commercial iodine may be purified from bromine and chlorine y 

mixing it with potassium iodide and subliming off the iodine. 

Properties of Chlorine, Bromine and Iodine. The solubility in w 

decreases from chlorine to iodine. . n o r Tf 

Chlorine. One volume of water dissolves 4*6 volumes chlorine at u • 

the resulting solution, known as chlorine-water , be cooled to 0 ’ ^ 

octahedral crystals of chlorine-hydrate of composition Cl 2 • 8H 2 S ®P 
Some of the dissolved chlorine reacts with the water to form hypochlo 

and hydrochloric acids— 

H 2 0 + Cl 2 = HC1 + HOC1 

and if the solution is exposed to bright sunlight, oxygen is liberated by the 
decomposition of the hypochlorous acid 

2HC10 = 2HC1 + 0 2 t 

The bleaching action of moist chlorine is attributed to the oxid' g 
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action of the hypochlorous acid, since dry chlorine does not bleach. It 
should be noted that the bleaching action is limited to organic dyestuffs, 
such as plant pigments, aniline dyes, etc., that is, compounds which can 
easily be oxidized to colourless leuco compounds; mineral pigments, such 
as printer’s ink based on carbon, are not bleached. 

Bromine. 100 g of water dissolve 4-3 g of bromine at 0°C. The resulting 
solution, known as bromine-water , finds many uses as a laboratory reagent, 
particularly in organic chemistry where it is often used as a test for 
unsaturation (see p. 872). The bromine does not react with the water to 
form a hypobromous acid (HOBr). It does, however, show oxidizing 
power in presence of easily oxidizable compounds and is a milder bleaching 
agent than chlorine. 

Iodine. 100 g of water dissolves about 0 03 g of iodine at 25°C. It is 
however much more soluble in solutions of potassium iodide, the resulting 
solution containing the unstable potassium tri-iodide— 

KI + I 2 = KI 3 

The halogens are also soluble in organic solvents, the resulting colour 
often being used to identify the particular halogen, 

Halogen Solvent 

Chlorine Carbon tetrachloride 

Bromine Chloroform, benzene, carbon disul¬ 

phide, etc. 

Iodine Chloroform, benzene, carbon disul¬ 

phide, etc. 

Alcohol, ether, acetone 


Colour 

Colourless 

Orange-red 

Violet 

Brown 


Action on Non-metals. General reactivity decreases from fluorine to 
iodine. 

Hydrogen. All the halogens combine directly with hydrogen, but the 
affinity decreases rapidly from fluorine to iodine. It has already been 
remarked that fluorine will explode with hydrogen even at — 253°C. With 
chlorine the reaction occurs slowly at ordinary temperatures on exposure 
to dill used daylight, but occurs explosively in direct sunlight. Bromine 
vapour will not explode in hydrogen but reaction occurs on heating, and 
still higher temperatures are required in the case of iodine. In all these cases 
the corresponding hydrogen halide (HC1, HBr and HI) is formed. 

The explosive nature of the reaction of chlorine and hydrogen in the 

presence of direct sunlight is due to photochemical activation followed by 

a chain reaction.” The absorption of a quantum of light energy, hv y 

results in the dissociation of a molecule of chlorine into the very reactive 
chlorine atoms 


Cl 2 + hv = Cl 4- Cl 
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The following “chain-reaction" then occurs extremely rapidly to produce 
the phenomenon of a gaseous explosion— 

H 2 + Cl = HC1 + H 
Cl 2 + H = HC1 + Cl 

The dissociation of one molecule of chlorine into free atoms can thus bring 
about the combination of a very large number of molecules of chlorine 
and hydrogen, since, as the above equations show, the reactive chlorine 
atom is repeatedly reliberated. Gaseous explosions mostly take place as a 
result of such chain reactions, although the initial disruption of one 
of the reacting molecules into reactive free atoms or free radicals may 
be brought about not only by the action of light (i.e. photo-chemical) but 
also by the absorption of heat (i.e. thermal) or of electrical energy. 

The affinity of chlorine for hydrogen is also revealed by such reactions 
as— 

(#) The burning of hydrogen at a jet in an atmosphere of chlorine, a 
reaction which is the essence of the commercial method for preparing 
hydrochloric acid. 

( b ) The burning of hydrocarbons in chlorine, e.g. candle, wax taper, 
turpentine (which may ignite spontaneously). In all these cases, the hydro¬ 
carbon burns with a very smoky flame due to the liberation of carbon 

C w H m -f \tnC\ 2 = nC + wHCl 

Other non-metals. The compounds formed by the halogens with the 
non-metals are all covalent. They are therefore gases or volatile liquids or 
solids and are easily hydrolyzed by water. The only such compounds that 
are not hydrolyzed by water appear to be SF 6 (all other sulphur-halogen 
compounds hydrolyzed); PF 5 (all other phosphorus halides hydrolyzed), 
NF 3 (all other nitrogen halides hydrolyzed); and the halogen compoun s 
of carbon, such as CC1 4 , CF 4 , etc. 

Chlorine combines directly with all the non-metals, with the exception 
of carbon, nitrogen and oxygen (although the chlorine compounds of t ese 
elements may be prepared indirectly). The non-reactivity of chlorine wi 
carbon accounts for the use of this latter element as the electrode in e ectro 
lytic processes involving the liberation of chlorine—for example, the use o 
carbon anodes in the electrolysis of aqueous NaCl solutions. 

Sulphur. Reaction with chlorine occurs on heating to give suip 
monochloride, S 2 C1 2 , a yellow liquid, b. p. 140°C. SC1 2 and S 4 ar( j 
known. Sulphur monobromide, S 2 Br 2 , is prepared by dissolving su p 
in bromine, or by heating bromine with sulphur. No sulphui comp 

of iodine are known. , otin(T to 

Phosphorus. Reaction occurs with each of the halogens on § 

give compounds such as PC1 3 (phosphorous chloride) an 5 P . 
phoric chloride), the resulting compound depending upon the 
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proportions of phosphorus and halogen taking part in the reaction. PI 3 
and P 2 I 4 are known, but not PI 5 . 

Action on Metals. The halogens will combine directly with practically 
all metals under the right conditions. Thus, the alkali and alkaline-earth 
metals, magnesium, zinc, tin, copper and antimony all burn brightly 
when heated in chlorine. In general the highest chloride is formed, unless 
this happens to be unstable at the temperature of the reaction. Thus tin 
gives stannic chloride and not stannous chloride, iron forms ferric chloride, 
and so on. Some finely divided-metals ignite spontaneously in chlorine 
at ordinary temperatures, e.g. powdered antimony sprinkled into a jar of 
chlorine produces a shower of sparks. 

The reactions with bromine and iodine are similar, but higher tempera¬ 
tures are required. The reaction of iodine with mercury is interesting since 
it occurs at ordinary temperatures. If mercury is rubbed with excess of 
iodine, red mercuric iodide, Hgl 2 , is formed, but if the mercury is in 
excess, the product is the green mercurous iodide, Hg 2 I 2 . 

The use of iron filings to trap any uncondensed bromine vapour in the 
commercial manufacture of bromine has already been described. 

The colour of certain metallic iodides is often used as a confirmatory 
test for the metal in qualitative analysis. The best known in this connexion 
are lead iodide, which crystallizes out on cooling the colourless hot 
solution as golden-yellow spangles; silver iodide, a yellow, curdy precipitate 
formed on adding silver nitrate solution to a soluble iodide; mercurous 
iodide, green; and mercuric iodide, scarlet. 

Other Reactions. Carbon monoxide combines with chlorine on exposure 
to bright sunlight or in presence of a charcoal catalyst to form carbonyl 
chloride, also known as phosgene, COCl 2 — 

CO + Cl 2 = COCl 2 

Ammonia reacts with chlorine to form hydrochloric acid and either 
nitrogen or the explosive nitrogen tri-chloride, depending upon whether the 
ammonia or the chlorine is in excess— 

2NH 3 + 3C1 2 = N 2 + 6HC1 
NH 3 + 3C1 2 = NC1 3 + 3HC1 

Sulphur dioxide forms sulphuryl chloride with chlorine in direct sunlight, 
especially if a little camphor be present as a catalyst— 

so 2 + Cl 2 = so 2 ci 2 

sulphuryl 

chloride 

The oxidizing action of the halogens is revealed by such reactions as— 

Cl, + H 2 0 + Na 2 S0 3 = 2HC1 + Na 2 S0 4 

H 2 S + Br 2 = 2HBr + S 


wafer 
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and by the displacement reactions of the halogens, which also reveals a 
decrease in oxidizing power from chlorine to iodine— 

2KBr + Cl 2 = 2KC1 + Br 2 
2KI + Cl 2 = 2KC1 + I 2 
2KI + Br 2 = 2KBr + I 2 

That iodine is an oxidizing agent, although a less powerful one than 
chlorine (and bromine), is shown by its ability to oxidize sulphuretted 



hydrogen to sulphur, sulphites to sulphates, arsenites to arsenates, and 
thiosulphate to tetrathionate— 

2Na 2 S 2 0 3 + I 2 = Na 2 S 4 0 6 + 2NaI 

In the latter case, more complete oxidation occurs with bromine and with 
chlorine, to give mainly sodium bisulphate, NaHS0 4 . 

HALOGEN ACIDS 

The hydrogen compounds of the halogens (HC1, HBr and HI) are^ all 

gases having the covalent structures, H—Cl, H—Br and H I. n 1 
state they are not acids, and are referred to as hydrogen chloride, hy rog 

bromide and hydrogen iodide. 

They are all very soluble in water to produce strong acids. In tins sw . 
they have the ionic structure, for example, H + C1 , and the solutions 

known as hydrochloric acid, etc. _ rtl on 

Hydrochloric Acid. Hydrogen chloride may be prepared by “J® . 

of hot concentrated sulphuric acid on a chloride, such as sodium c 

NaCl + H 2 S0 4 = HC1 t 4- NaHS0 4 
NaHS0 4 + NaCl = Na 2 SQ 4 4- HC1 t 


The reaction 
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only occurs above about 500°C. Since the gas (HC1) is extremely soluble in 
water, it is collected by the upward displacement of air. If the solution 
is required the usual precautions must be taken to prevent sucking-back, 
as shown in Fig. 243. 

Commercial Preparation. Hydrochloric acid is prepared by the com¬ 
bustion of hydrogen in chlorine, followed by solution in water. The acid 
so produced is much purer than that produced by the older method in¬ 
volving the action of concentrated sulphuric acid on salt. Traces of 
chlorine in the final acid may be removed by treatment with scrap copper 
(which combines with any chlorine present to form cupric chloride), 
followed by distillation. 


Wafer 


Sulphuric 
Acid 


Na Cl 



Absorption 

Towers 



Raker Rabbling 
Discharge Furnace 
Doors 


HCl 

Solution 


Fig. 244. Salt-cake Furnace 


For a long time, the only source of hydrochloric acid was that produced 
as a by-product in the first stage of the Leblanc process for sodium 
carbonate. Although sodium carbonate is not nowadays manufactured by 
this process, considerable quantities of sodium sulphate are still produced 
by the action of concentrated sulphuric acid on common salt. The reaction 
is carried out in two stages, corresponding with the two equations given 
opposite. The first stage is carried out in a shallow cast-iron pan of the 
furnace shown in the diagram. The fused mass is then raked into a second 
portion of the furnace where it is heated to redness to form sodium sulphate 
and liberate more hydrogen chloride. The latter is passed through a series 
of coke-filled absorption towers down which passes a spray of water to 
form a solution of hydrochloric acid, or spirits of salt 

Hydrobromic and Hydriodic Acids, HBr and HI. In addition to their 
acidic properties, these two compounds are also reducing agents, and this 
property considerably modifies their chemical behaviour when compared 
with hydrochloric acid. This development of reducing properties in the 
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hydrogen compounds of the halogens runs parallel to the decrease in 
oxidizing power of the halogens themselves- 

Cl* ® r 2 » ^2 decreasing oxidizing power 
HC1, HBr, HI -> increasing reducing power 

I h tha?these S t Ult ° f ^ reducin g properties of HBr and HI to be noted 

acid melhnH H W0 ^ " 0t be P re P ared by the concentrated sulphuric 
acid method described for HC1. The HBr (or HI) first liberated, reacts with 

con<xn [rated-— Cld> ‘ S ’’ tSeIf alS ° an oxidizin g a gem when hot and 

KBr + H 2 S0 4 = HBr f + KHS0 4 

2HBr + H 2 S0 4 = Br 2 f -f S0 2 f + 2H 2 0 


j re 
■ala 


Bromine 

Pieces of Giass 
coated with 
Phosphorus 


Calcium 

Bromide 


Paste of 
Sand, RR 
& Water 


HBr 


Fig. 245. Preparation of Hydrogen Bromide 


so that when a bromide is heated with concentrated sulphuric acid, not 
only is the colourless fuming HBr gas evolved, but also the heavy red 
fumes of bromine vapour. Similar reactions occur in the case of the iodide, 
but here the stronger reducing action of the HI shows itself in the further 
reduction of the sulphuric acid to sulphuretted hydrogen— 

KI -F H 2 S0 4 = HI f + KHS0 4 
2HI + H 2 S0 4 = I 2 f + S0 2 f + 2H 2 0 
8HI + H 2 S0 4 = 4I 2 f + H 2 S f + 4H 2 0 


In this case, when an iodide is heated with concentrated sulphuric acid, 
violet fumes of iodide vapour are evolved together with the colourless 
fuming HI gas. These reactions should be particularly noted in connexion 
with the procedure for detecting negative radicals in qualitative analysis 

which involves the action of concentrated sulphuric acid on the unknown 
solid. 

HBr and HI may however be prepared by the action of an acid on the 
corresponding salt, if the acid chosen has a relatively high boiling point 
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(like sulphuric acid), but is not an oxidizing agent. Phosphoric acid, 
H 3 PO 4 , may be used, but the rate of the reaction is very slow with the 
bromide. With iodides, relatively pure HI may be liberated on heating— 

KI + H 3 P0 4 = KH 2 P0 4 + HI t 

The usual laboratory method of preparing these acids is by hydrolysis 
of the corresponding phosphorus halides, PBr 3 and PI 3 . The reaction is 
carried out, in the case of HBr, by running liquid bromine slowly into a 
paste of red phosphorus and water, contained in a round-bottomed 
flask as shown in Fig. 245. 

iBr 2 = 2PBr 3 

phosphorus 
tri-bromide 

-OH ^OH 

-OH = P—OH + 3HBr 
-OH \oH 

Any bromine vapour carried over with the hydrogen bromide is trapped by 
the red phosphorus contained in the U-tube, the HBr passing on. After 
drying by passing through a second U-tube of calcium bromide, the gas 
is collected by the upward displacement of air. If a solution of hydrobromic 
acid is required, the same precautions to prevent sucking-back must be 
adopted as were observed in the case of hydrochloric acid. 

In the case of hydrogen iodide, it is necessary to place the iodine in 
the flask at the beginning of the preparation. In this case, the water 
is placed in the dropping funnel and dry red phosphorus mixed with the 

iodine in the flask. The following reactions occur on admitting the water 
gradually from the tap-funnel. 

3I 2 = 2PI 3 

phosphorus 
tri-iodide 

-OH /OH 

-OH = P—OH + 3HI 
-OH ^OH 

The apparatus is the same as that for hydrogen bromide, except that the 
drying-tube in this case contains calcium iodide instead of calcium 
bromide. The same precautions are observed if a solution of hydriodic 

re r r , ed aS Were observed ^r HC1 and HBr. The compound 
P(OH) 3 , which remains in the flask, is known as phosphorous acid and 
is more usually depicted as H 3 P0 3 . 


2P + 


/ 

P- 

\ 


A 

H- 

-I + 

H- 

\I 

H- 


2P + 3 
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Larger quantities of hydrobromic acid may be prepared by the action of 
bromine on benzene in presence of dry aluminium powder as catalyst. 
The reaction is carried out in apparatus similar to that described above 
or HBr and HI, except that an additional U-tube containing anthracene 
to absorb benzene vapour is introduced after the U-tube containing the 
red phosphorus. The reaction is initiated by gently heating the flask, and 
then slowly adding the bromine. 

QH 6 + Br 2 = C 6 H 5 Br -j- HBr 

A solution of hydriodic acid may be prepared by passing sulphuretted 
hydrogen into a suspension of iodine in water— 

H 2 s + I 2 = 2HI + S I 


Properties of HCI, HBr and HI. They are all colourless gases at ordinary 

temperatures, and are extremely soluble in water to form strong acids. 

For this reason they fume in moist 

air due to the formation of droplets 

too ^ - Maximum BPt of hydrochloric acid, etc. With am- 

^ J ^^WOmms press) mon ia, white fumes of the corre _ 

^ SO 1 sponding ammonium halides are 

| I formed, e.g. 

5 0- \ NH 3 + HI = NH 4 I 


SO 


2 ? 


-too 


— Maximum B. Pt 
(760 m ms press) 


20-24% 

HCI 


20 


40 60 

HCl°C 


J00 


g i \ The very soluble nature of these 

^ 1 \ hydrogen halides is often demon- 

_ jnn | ' strated in the laboratory by the 

20 40 60 80 /00 “f° unta i n " experiment (see p. 638). 

ft Cl £ Commercial concentrated hydro¬ 
ps « ... . . c ix j chloric acid contains about 28 per 

chloric Acid Solutions at°760mm' ° f ^ ^ ei g ht >. and .f oils at 

Pressure 108 C. If this solution is boiled, the 

boiling point slowly increases due to 
a higher rate of loss of HCI until the boiling point reaches a maximum 
at 110°C at 760 mm pressure. The solution then boils unchanged at 
this temperature, that is no further decrease in concentration occurs 
no matter how long the solution be boiled, both the solution and the 
distillate containing 20-24 per cent HCI. Such a solution is known as 
a constant boiling-point mixture. The same solution would ultimately 
be obtained if a weaker solution of HCI were boiled, as indicated by 


chloric Acid Solutions at 760 mm 

Pressure 


the boiling-point concentration diagram (Fig. 246). It should be noted 
that this property of forming a constant boiling mixture may be utilized in 
the laboratory to prepare a standard solution of the acid. A given hydro¬ 
chloric acid solution is allowed to boil until its boiling point increases to 
110°C at 760 mm pressure, when it must contain 20-24 per cent HCI. Since 




HALOGEN ACIDS 


799 


both the composition and boiling point are slightly affected by variations 
in the atmospheric pressure, it is clear that the maximum boiling mixture 
is not a true compound. The other halogen acids also form mixtures of 
maximum boiling point with water, as indicated in the following table. 


Table 107 

Composition and Boiling Points of Halogen 
Acids of Maximum Boiling Points 


Acid 

Percentage Acid 
by Weight 

Boiling Point 
(760 mm) 

Hydrofluoric acid . 

37-00 

120°C 

Hydrochloric acid . 

20-24 

110°C 

Hydrobromic acid . 

48-00 

126°C 

Hydriodic acid 

58-01 

t 

127°C 


Chemical Properties of the Halogen Acids. Apart from the usual pro- 
3erties associated with a strong acid, such as reaction with metals to liberate 
lydrogen, reaction with bases to form salts, etc., the chemistry of these acids 
is complicated by the reducing properties shown by HI and to a lesser 
degree by HBr; HC1 appears to be a much weaker reducing agent. This 
development of reducing properties is primarily due to a decrease in electro¬ 
negative character of the parent halogen, from fluorine to iodine, so that the 
compound with hydrogen becomes less and less stable. The heats of 

formation of the gases from their elements are a measure of this increasing 
instability— b 


Gas 

Heat of Formation 


Stability 

Hydrogen fluoride . 

+ 147,000 cals 



Hydrogen chloride . 

+ 22,000 cals 


decreasing 

f 

Hydrogen bromide . 
Hydrogen iodide 

4- 8,600 cals 
-f 3,000 cals 

T 


It follows from these results that hydrogen iodide should tend to dis¬ 
sociate into hydrogen and iodine. The reaction— 

H 2 + I 2 ^ 2HI 

is in fact reversible, the equilibrium concentration of HI decreasing with 
increase in temperature, as shown in the following table. 
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Temperature 

Percentage 
Dissociation of HI 

Equilibrium Concentration 
of HI (percentage) 

283°C 

• 

17-9 

82*1 

444°C 

22-0 

78-0 

527 c C 

24-7 

75-3 


The ieaction was studied by Bodenstein. Hydrogen and iodine were 
heated together in various proportions in sealed tubes at constant elevated 
temperatures (e.g. 450°C). After a time, sufficiently long for equilibrium 
to be established, the tubes were suddenly cooled to prevent further 
reaction. The tubes were then broken open and the composition of the 
mixture determined by simple analysis. 


The equilibrium constant, 



[HI] 2 
[H 2 ] [I 2 ] 


Starting with a g.mol of H 2 and b g.mol of I 2 , then if 2x g.mol of HI are 
formed at equilibrium, it follows that— 



4x 2 

(a — x) (b — x) 


The reducing properties of solutions of hydriodic acid are shown by the 
liberation of iodine when it is treated with any of the common oxidizing 
agents, thus— 

H 2 0 2 + 2HI = 2H 2 0 + I 2 
Cl 2 + 2HI = 2HC1 + I 2 
2FeCl 3 + 2HI ^ 2FeCl 2 + I 2 + 2HC1 

This latter reaction is however reversible, as also are such reactions as 

Na 3 As0 4 T 2HI Na 3 As0 3 -f H 2 0 T I 2 
H 2 S0 4 + 2HI ^ H 2 SO s + H 2 0 + I 2 

Since aqueous solutions of HI are slowly oxidized even by the oxygen of 
the atmosphere— 

4HI + 0 2 = 2H 2 0 + 2I 2 

it is usual whenever HI is required as a reducing agent to liberate it in 
situ by the action of an acid on a stable iodide, such as KI. This explains 
the use of potassium iodide in such volumetric estimations as the standard¬ 
ization of permanganate and dichromate solutions with sodium thio¬ 
sulphate solutions. 25-ml portions of the permanganate (or dichromate) 



HALOGEN ACIDS 


801 


solution are acidified and treated with excess of potassium iodide. An 
equivalent amount of iodine is liberated (the reaction occurs relatively 
slowly, so that it is usual to allow several minutes for completion) and 
this is then estimated by titration with the sodium thiosulphate. 

2KMn0 4 + 3H 2 S0 4 = K 2 S0 4 + 2MnS0 4 + 3H 2 0 + 50 

2HI + O = H 2 0 + I 2 
2Na 2 S 2 0 3 -f I, = Na 2 S 4 0 6 + 2NaI 

If 25 ml of the permanganate solution require 20*3 ml of 0*102 N sodium 
thiosulphate solution, then the normality of the permanganate solution is 
20*3 

— x 0*102 N = 0*083 N. 

25*0 

Potassium iodide is also used in the volumetric estimation of copper— 

2CuS0 4 + 4KI = (2CuI 2 ) -f 2K 2 S0 4 
(2CuI 2 ) = Cu 2 I 2 -f I 2 

25 ml of the given copper solution is treated with excess of KI, and the 
liberated iodine then estimated by titration with standard sodium 
thiosulphate, as above. 



Fig. 247. Formula of Hydrogen Chloride 


Formula of HC1. The formula of hydrogen chloride may be determined 

by the following method. The apparatus used is shown in the diagram, the 

larger chamber being filled with dry hydrogen and the smaller with’dry 

chlorine. Tap 2 is opened, and the apparatus exposed to diffuse daylight 

for several days, during which the hydrogen and chlorine react together 

to form hydrogen chloride. By opening tap 1 under mercury, no mercury 

enters the apparatus thus showing that this reaction occurs without 

change in volume. Tap 1 is then closed, and then subsequently reopened 

under water, the apparatus being held vertically. The water rises to tap 2 

that is, it completely fills the larger chamber. This shows that 2 volumes of 

hydrogen chloride must have been formed from the 2 volumes of H.> and 

1 volume of Cl 2 . The gas remaining in the second chamber is then analyzed 

and shown to be hydrogen—thus one volume of hydrogen remains 

unchanged after the reaction. These observations may be summarized in 
the equation— 

1 volume hydrogen ! 1 volume chlorine = 2 volumes hydrogen chloride 
that is 1 volume H 2 + 1 volume Cl 2 = 2 volumes H^Cl,, 
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whence, by Avogadro’s hypothesis, since equal volumes of all gases under 
the same conditions of temperature and pressure must contain equal 
numbers of molecules— , 

H 2 + Cl 2 = 2H x C\ y 

Assuming the molecules of hydrogen and chlorine each to be diatomic, 
it then follows that the molecular formula of hydrogen chloride is HC1. 

Reactions of the Halogens on the Alkalis. The reaction— 

Cl 2 + H 2 0 = HC1 + HOC1 

hypochlorous 

acid 

occurs to a slight extent when chlorine is dissolved in water. If a cold 
dilute solution of sodium hydroxide be used instead of water, the solubility 
of the chlorine is considerably increased, the resulting solution containing 
sodium chloride and sodium hypochlorite— 

Cl 2 + 2NaOH = NaCl + NaOCl 4- H 2 0 

If the sodium hydroxide solution is hot, the products are sodium chloride 
and sodium chlorate, NaC10 3 , the latter being formed by a self oxidation- 
reduction decomposition of the hypochlorite— 

3NaOCl = 2NaCl + NaC10 3 

and the overall reaction is expressed by the equation— 

3CI 2 + 6 NaOH = 5NaCl + NaC10 3 + 3H 2 0 

Similar reactions occur with bromine and iodine. The resulting hypo- 
compounds produced in the cold are, however, less stable than the 
hypochlorates. The hypoiodites are in fact so very unstable that they 
decompose (to form the iodide and iodate) at ordinary temperatures. 

OXIDES AND OXY-ACIDS OF THE HALOGENS 

The following table shows the relationship between the more important 
oxides and the oxy-acids of chlorine. 

Oxides Oxy-acids 

Chlorine monoxide, C1 2 0 —> Hypochlorous acid, HCIO 

Chlorous acid, HC10 2 

/ 

Chlorine dioxide, C10 2 <^ 

^ Chloric acid, HC10 3 

Chlorine heptoxide, C1 2 0 7 —> Perchloric acid, HC10 4 
Chlorine Monoxide, C1 2 0, is prepared by passing dry chlorine over 
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dry freshly precipitated mercuric oxide, and condensing the chlorine 
monoxide gas in a U-tube immersed in a freezing mixture— 

2HgO + 2C1 2 = HgO . HgCl 2 + C1 2 0 

A basic mercuric chloride is formed at the same time. 

Chlorine monoxide is a pale orange-yellow gas, which condenses at 5°C 

to form a reddish-brown liquid. Both the gas and the liquid are very 

unstable, and the decomposition may occur explosively particularly in 

presence of organic matter or on heating. It dissolves in water to form 

hypochlorous acid, and may therefore be regarded as the anhydride of 
this acid— 

C1 2 0 + H 2 0 = 2HOC1 



Hypochlorous Acid, HOCI. The bleaching action of moist chlorine 
is considered due to the formation of this acid— 

Cl, + H 2 0 = HC1 + HCIO 

Small quantities of hypochlorous acid may also be prepared by dissolving 
chlorme monoxide in water, or by passing chlorine through a suspension 
of freshly precipitated yellow mercuric oxide suspended in water— 

HgO + H 2 0 + 2C1 2 = HgCl, + 2HOC1 

The mercuric oxide reacts with the first-formed HC1, but not with the very 

weakly acidic hypochlorous acid, and the latter may be separated by 
distillation as a dilute solution. r J 

Larger quantities of the acid may be obtained by the action of cold 
dilute acids on hypochlorites or bleaching powder, for example_ 

Ca(OCl) 2 | C0 2 + H 2 0 = CaCO a + 2HC10 

Properties of Hypochlorous Acid. It is known only in dilute aqueous 
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solutions (up to about 5 per cent), and decomposes on warming or on 
exposure to sunlight— 

2HC10 = 2HC1 + 0 2 f 
3HC10 = 2HC1 + HC10 3 

It is a weak acid, and forms salts, the hypochlorites, with the more electro¬ 
positive elements (K, Na, Ca) by reaction with their hydroxides. It is a 
powerful oxidizing agent and bleaching agent. It liberates oxygen on 
exposure to sunlight, by reaction with silver oxide, and also on warming 
with a small amount of a cobalt salt which catalyzes the decomposition. 

Ag 2 0 + 2HOC1 = 2AgCl + H 2 0 + 0 2 f 

The reaction with the cobalt salt will be referred to again in connexion 
with the liberation of oxygen from bleaching powder. 

Hypochlorites. These are more stable than the free acid, and are much 
more important commercially. 

Sodium Hypochlorite, NaOCl. Aqueous solutions of this salt are 
prepared commercially by passing chlorine into cold solutions of sodium 
lydroxide until the latter have been almost completely chlorinated—the 
residual small NaOH concentration improves the stability of the hypo¬ 
chlorite solution— 

Cl 2 + 2NaOH = NaCl -f NaOCl + H 2 0 

Smaller quantities are also prepared by electrolyzing cold solutions of 
sodium chloride in cells suitably designed so that the chlorine liberated 
at the anode may react with the sodium hydroxide formed at the cathode. 

Like hypochlorous acid, the solution decomposes on warming— 

3 NaOCl = 2NaCl + NaC10 3 

and is a powerful oxidizing and bleaching agent. It is used commercially 
mainly in the bleaching of the materials used in the artificial silk and 
rayon industries. 

Bleaching Powder. This very important industrial material is prepared 
by the action of chlorine on slaked lime, Ca(OH) 2 . The process is nowa¬ 
days carried out in the Bachmann Plant as shown in the diagram opposite. 
The slaked-lime is conveyed by a suitable air-pumping arrangement to the 
top of the chlorinating tower, and fed into the tower. The slaked-lime 
then gradually passes down the tower against a stream of ascending 
chlorine gas. The rotating rakes with which each floor of the tower is 
equipped serve to keep the slaked-lime moving, so exposing fresh materia 
to the action of the chlorine. The chlorination is complete by the time 
the slaked-lime reaches the sixth floor. The chlorine is introduce a 
the seventh floor, leaving the eighth and last floor for passing ot air 
through the bleaching powder in order to remove any uncombined ree 
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chlorine. The bleaching powder then falls into the hopper at the base 
of the tower, and on opening the valve may be charged directly into 
barrels for distribution to industry. 


Lime + 



The formula of bleaching powder has led to much discussion. The 

normal reacnon, by analogy with the reaction of chlorine with sodium 
hydroxide, might be expected to be— 


2Ca(OH) 2 + 2CI 2 = CaCl 2 + Ca(OCl) 2 + 2H 2 0 
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That this equation is not entirely correct would seem to follow from the 
facts that— 

(i) Commercial bleaching powder always contains some unchanged 

calcium hydroxide, which can only be further chlorinated with difficulty, 
and 

(ii) bleaching powder is not markedly deliquescent, and this would 
appear to rule out the presence of free calcium chloride. 

The results of X-ray studies, however, have shown that there are virtually 
two stages in the formation of bleaching powder. The first stage results in 
the formation of a basic hypochlorite, Ca(OCl) 2 .2Ca(OH) 2 , and a 
basic chloride, CaCl 2 . Ca(OH) 2 . H 2 0. During the second stage, more of 
the basic chloride is formed and the basic hypochlorite is largely replaced 
by normal hypochlorite. Bleaching Powder may thus be regarded as an 
intimate mixture of Ca(OCl) 2 and basic calcium chloride, the latter 
(unlike CaCl 2 ) being not particularly deliquescent. 

Properties of Bleaching Powder. Bleaching powder is the cheapest form 
of bleaching material available to industry, and is extensively used in the 
bleaching of raw cotton and wood pulp for paper making. The bleaching 
action is due to hypochlorous acid which is liberated when bleaching 
powder is treated with a dilute acid, a reaction which has already been 
noted in connexion with this acid— 

Ca(OCl) 2 + C0 2 + H 2 0 = CaC0 3 + 2HOC1 

Chlorine may be liberated by the decomposition of the hypochlorous acid— 

Ca(OCl) 2 + 4HC1 = CaCl 2 + 2H 2 0 + 2C1 2 t 

(HOC1 + HC1 = H 2 0 + da) 

and oxygen may be liberated by warming with a dilute solution of a 
cobalt salt— 

Ca(OCl) 2 = CaCl 2 + 0 2 f 

Available Chlorine. Bleaching powder is sold on its available-chlorine 
content, that is, the percentage of chlorine by weight which is liberated 
by the action of hydrochloric acid. The commercial product usually 
contains between 36-40 per cent of available chlorine. 

Ca(OCl) 2 + 4HC1 = CaCl 2 + 2H 2 0 + 2C1 2 f 

This reaction occurs in two stages— 

(i) Ca(OCl) 2 -1- 2HC1 = CaCl 2 + 2HOC1 

(ii) 2HOC1 + 2HC1 = 2H 2 0 + 2CI 2 t 

The bleaching action of bleaching powder is due to the hypochlorous acid 
and for this first reaction any dilute acid (sulphuric, acetic or even carbonic 
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acid) will be equally as effective. This fact explains the following method 
for determining the available chlorine in bleaching powder. 

The “available chlorine'’ of bleaching powder is defined as that weight 
of chlorine (as the element) which has the same oxidizing power as 
100 g of bleaching powder. 

A weighed amount of the bleaching powder is ground up with a little water 
in a clean basin, and after allowing a few moments for the solid matter to 
settle the supernatant liquid is poured into a graduated flask. This process is 
repeated until the whole of the bleaching powder has been transferred to the 
graduated flask, and is necessitated by the presence of lime which may be 
coating some of the hypochlorite. After making up the volume to the gradua¬ 
tion mark, 25-ml portions are withdrawn, acidified with acetic acid and treated 
with excess potassium iodide solution. The iodine liberated is then estimated 
by titration with standard thiosulphate solution. 

Ca(OCl) 2 + 2HAc = CaAc 2 + 2HOC1 
2HOC1 + 4HI = 2HC1 + 2H 2 0 + 2f 2 

{Note: The amount of iodine liberated is equivalent to the available chlorine, 
as indicated by the above two equations with hydrochloric acid. The available 
chlorine is therefore determined by multiplying the normality of the bleaching 
powder solution by 35-5, the equivalent weight of chlorine, and converting this 
to a percentage basis.) Acetic acid is used in this titration since stronger acids 
would liberate chloric acid from the small quantity of calcium chlorate present 
in bleaching powder and this acid would then react with the hydriodic acid to 
liberate more iodine. 

Chlorine Dioxide, C10 2 , may be prepared by gradually adding finely 
powdered potassium chlorate to well-cooled concentrated sulphuric acid, 
followed by very carefully warming, when the following reactions occur— 

kcio 3 + h 2 so 4 = khso 4 + hcio 3 

3 HCIO 3 = 200, t + HC10 4 -f HoO 

The chlorine dioxide is evolved as a reddish-yellow gas with an unpleasant 

smell, and may be condensed to a dark red liquid, boiling point 9-9°C. 

Both the gas and liquid are very unstable, and may decompose explosively 

when heated or in presence of organic matter; the familiar “crackle” 

produced when concentrated sulphuric acid is gently warmed with a 

chlorate is due to this decomposition. The increasing use of chlorine 

dioxide in the control of pests in flour mills has led to the development of 

simpler methods for preparing the gas, such as displacement reactions 
of the type— 

kcio 3 + no 2 = kno 3 + cio 2 1 

Chlorine dioxide is a mixed anhydride of chlorous and chloric acids_ 

2C10j + H..O = HC!0 2 + HCIO3 

chlorous chloric 

acid acid 
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and salts of these two acids are produced when an aqueous solution of 
the gas is treated with sodium or potassium hydroxides. 

Chlorous Acid and Chlorites. An aqueous solution of chlorous acid may 

be piepared by the action of very dilute sulphuric acid on a solution of 
barium chlorite— 


Ba(C10 2 ) 2 + H 2 S0 4 = BaS0 4 j + 2HC10 2 

The colourless solution, so obtained, gradually decomposes at ordinary 
temperatures and chlorine and chlorine dioxide gases are evolved— 

8HC10 2 = 6C10 2 f + Cl 2 f + 4H 2 0 

The Chlorites are prepared together with chlorates by the action of 
chlorine dioxide on solutions of the alkalis— 

2C10 2 + 2NaOH = NaC10 2 + NaC10 3 + H 2 0 

but, if sodium peroxide be used, only the chlorite is formed— 

Na 2 0 2 + 2C10, = 2NaC10 2 + 0 2 f 

The chlorites are very powerful oxidizing and bleaching agents, and these 
properties account for their increasing importance (particularly sodium 
chlorite) in industry. They may be distinguished from hypochlorites by 
their bleaching action after treatment with a solution of sodium arsenite, 
the latter destroying the hypochlorite— 

Na 3 As0 3 -f- NaOCl = Na 3 As0 4 + NaCl 

Chloric Acid and Chlorates. A dilute aqueous solution of chloric acid, 
HC10 3 , may be prepared by adding the equivalent amount of dilute 
sulphuric acid to an aqueous solution of barium chlorate— 

Ba(C10 3 ) 2 + H 2 S0 4 = BaSO, l + 2HC10 3 

The solution may be concentrated up to about 40 per cent concentration 
by allowing it to staftd over concentrated H 2 S0 4 in a vacuum desiccator. 
Stronger solutions cannot be prepared owing to the decomposition— 

, 3HC10 3 = HC10 4 -f 2C10 2 f + H 2 0 

The same decomposition occurs on warming the solution, and this reaction 
may be used to prepare chlorine dioxide. 

As might be expected from its unstable nature, it is a powerful oxidizing 
agent. Thus hydrochloric acid is oxidized to euchlorine , (a mixture of 
chlorine and chlorine dioxide), sulphur dioxide to sulphuric acid, and 
hydriodic acid to iodine— 

8HC10 3 + 16HC1 = 9C1 2 f + 6C10 2 f + 12H 2 0 
Chlorates. Sodium and potassium chlorates are nowadays prepared 
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commercially by the electrolysis of aqueous solutions of sodium chloride 
or potassium chloride. If the electrolyte is heated to 45°C or higher, and 
the resulting sodium hydroxide moved quickly from the cathode to the 
anode compartment, the following reaction occurs— 

3C1 2 + 6 NaOH = 5NaCl 4 NaC10 3 4 3H.,0 

A small amount of alkali dichromate is added to the electrolyte. This 
addition improves the current efficiency and, by forming an insoluble film 
(possibly of chromium chromate) on the cathode, tends to isolate the 
electrolyte from the nascent hydrogen liberated there, thereby reducing the 
chance of chlorate (and hypochlorite) being reduced back to chloride. 

Electrolysis of Brine Solutions 

The following account contains a more detailed analysis of the behaviour 
of brine solutions on electrolysis. 

When an aqueous solution of NaCl is electrolyzed, the discharge potential 

of the hydrogen ion (14) is reached long before that of the sodium ion 

(Na f -> Na; E 0 = 2-71 volts), so that hydrogen and not sodium is liberated at 

the cathode. Since these hydrogen ions are produced by the ionization of 
water— 

H 2 0 = H+ 4 OH- 

it follows that the removal ot hydrogen ions in this way must lead to the 
formation of an equivalent number of hydroxyl ions, so that the solution around 
the cathode becomes increasingly alkaline. The sodium ions take no part in 
the reaction. The progressive increase in hydroxyl ion concentration during 
the electrolysis is accompanied by an equivalent decrease in chloride ions 
(Cl ) which are discharged at the anode. The nature of the solution around 
the cathode therefore changes from sodium chloride (i.e. Na + 4 Cl - ) to sodium 
hydroxide (i.e. Na r -I- OH - ). If the anode and cathode solutions are mixed 
together during the electrolysis, the following reaction occurs— 

Cl 2 4 2NaOH = NaCl 4 NaOCl 4 H 2 0 

With efficient stirring practically all the chlorine reacts in this way, so that 

it may be said that two faradays of electricity produce one molecular weight 

of sodium hypochlorite. The resulting sodium hypochlorite may then react in 
several ways— 

(a) Reduction may occur at the cathode by the action of the nascent 

hydrogen liberated there. This reduction may be prevented by the addition of 
a little potassium chromate. Its action is attributed by Muller to the reduction 
of the chromate ions to chromic ions, (Cr0 4 ” Cr +++ ), followed by the 

formation of chromium chromate which forms a film on the cathode and so 
keeps the bulk of the solution away from the nascent hydrogen. 

(b) At the anode, the hypochlorite ions are discharged, and then react with 
the water present to form chlorate ions and liberate oxygen— 

CIO- = (CIO) + e 

6(00) r 3H 2 0 = 2 CIO 3 - + 6 H+ -f 4CI~ + 'JO., 
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The hydrogen ions (H + ) are neutralized by the hydroxyl ions (OH“) which 
accumulate at the cathode. This equation shows that one faraday of electricity 
is required for the discharge of one hypochlorite gramme-ion, and results in 
the formation of an equivalent amount of chlorate. 

As the electrolysis proceeds, the concentration of sodium hypochlorite 
increases until it is decomposed in ( b ) as fast as it is formed. Its concentration 
will then remain steady, and the solution becomes increasingly rich in sodium 
chlorate. 

(c) The hypochlorite ions may also react directly with hypochlorous acid 
which must also be formed in the solution— 

CIO- 4- H+= HOC1 
2HOC1 4- CIO- = C10 3 - 4- 2HC1 

In weak solutions and at low temperatures, this reaction is slow and has 
little effect on the course of the electrolysis, especially if the solution is made 
alkaline. If the solution is made acid, then the reaction becomes important. 
At 70°C, most of the hypochlorite formed reacts in this way, the ultimate 
product being almost entirely sodium chlorate. 

Properties of Chlorates. They are all powerful oxidizing agents, and 
form dangerously explosive mixtures with phosphorus, carbon, sulphur, 
sugar, etc. The dangerous nature of such pyrotechnic compositions 
cannot be too strongly stated. Explosions may occur on stirring, on 
warming, or even without externally heating, due to slow oxidation 

liberating sufficient heat to initiate the explosion. 

Potassium chlorate unlike sodium chlorate is only sparingly soluble in 
cold water, and so may be prepared pure by crystallizing a hot solution. 
Potassium chlorate is the usual salt of chloric acid to be found in the 
laboratory, and for this reason, its behaviour may be considered here as 

representative of those of other chlorates. 

On heating, potassium chlorate first melts without decomposition at 
370°C and then slowly decomposes by a self-oxidation-reduction reaction 
to form chloride and perchlorate— 

4KC10 3 = 3KC10 4 4- KC1 

At higher temperatures, the latter decomposes to form more chloride and 
liberate oxygen. In the presence of manganese dioxide which acts as a 
catalyst, the chlorate decomposes directly to the chloride below t e 
melting point and oxygen is liberated— 

2KC10 3 = 2KC1 4- 30 2 t 

With concentrated sulphuric acid in the cold, potassium chlorate 
chloric acid, the decomposition of which on warming produces the familiar 
crackling noise. The student is advised not to attempt this reaction, 
unless carried out carefully with quite small quantities of chlorate an 
acid. 
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With concentrated hydrochloric acid and warming, a mixture of chlorine 
and chlorine dioxide, known as euchlorine, is evolved, and if a chlorate 
solution is warmed with a strong solution of sulphur dioxide, it is quanti- 
tatively reduced to chloride— 

4KC10 3 4- 16HC1 = 4KC1 4- 2C10 2 f + 7C1 2 f 4- 8H 2 0 
KCIO 3 4- 3 H 2 SO ; j = KC1 4- 3H 2 S0 4 ^ 

Chlorine Heptoxide, C1 2 0 7 , is prepared from its parent acid by dehydra¬ 
tion with phosphorus pentoxide. The perchloric acid is added very slowly 
to phosphorus pentoxide kept at —10 C, and after allowing some hours 
for the dehydration to occur, the chlorine heptoxide is distilled over as a 
colourless oil, b. p. 82°C. 

2HC10 4 - H.,0 -> C1 2 0 7 

Although it is the most stable of the chlorine oxides, it slowly decomposes 

at ordinaly temperatures, and explosively so on heating or on percussion. 

Perchloric Acid and Perchlorates. Perchloric acid, HC10 4 , is prepared as 

an aqueous solution by the action of concentrated sulphuric acid on 
potassium perchlorate— 

KC10 4 + H 2 S0 4 = KHS0 4 4- HC10 4 

Since the acid decomposes on heating, it can only be separated by distilla¬ 
tion under reduced pressure, the effect of reducing the pressure being 
to lower the boiling point. Thus it boils at 14° — 18°C under 15 to 20 mm 
pressure to form an oily, colourless, fuming liquid which resembles sul¬ 
phuric acid in its vigorous reaction with water. It is a powerful oxidizing 
agent and ignites paper or wood, explodes with charcoal, and is liable to 
decompose explosively on standing. 

Perchlorates. Potassium perchlorate may be prepared from potassium 

chlorate by first cautiously fusing the chlorate, when the following reaction 
occurs— 

4KC10 a = 3KC10 4 4- KC1 

The resulting mixture of potassium chloride and perchlorate is then ground 
with a little cold water to dissolve up the very much more soluble potassium 

chloride. This process is repeated to leave the almost insoluble potassium 
perchlorate, solubility 0-7 per cent at 0°C. 

Commercially, potassium perchlorate is prepared by the electrolysis 

of strong aqueous solutions of sodium chlorate at ordinary temperatures. 

Sodium perchlorate is first formed by anodic oxidation of the chlorate, 

and when treated with potassium chloride, precipitates the sparingly 
soluble potassium perchlorate. b J 

NaC10 4 4 - KC1 = NaCl 4- KC10 4 4 
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Properties. The perchlorates are much more stable than the correspond¬ 
ing chlorates (although they have a higher oxygen content) and are there¬ 
fore much safer to handle. This accounts for the use of perchlorates but 
not of chlorates in pyrotechnic compositions and in certain explosives, 
such as ophorite , a composition containing magnesium powder and 
potassiui^Derchlorate. Potassium perchlorate is a less powerful oxidizing 
agent thanpotassium chlorate and does not, for example, oxidize hydro¬ 
chloric acid or sulphurous acid, nor “crackle” with sulphuric acid. 

Potassium perchlorate is one of the least soluble potassium salts 
and is in fact practically insoluble in alcohol, but other perchlorates are 
more soluble. Thus strontium perchlorate and barium perchlorate are 
very soluble in alcohol, and the resulting solutions when ignited burn 
with a bright crimson flame in the case of the strontium salt, and a green 
flame in the case of the barium salt. 

Magnesium perchlorate is nowadays extensively used as a drying agent 
in place of phosphorus pentoxide. 


Constitution of the Oxides and Oxy-acids of Chlorine 

1. It will have been noted from the preceding discussions that the oxygen 
compounds of chlorine increase in stability with increase in the proportion 
of oxygen in the molecule, and that the heptoxide and perchlorate are 
appreciably more stable than the monoxide and hypochlorite. This 
increase in stability shows that the following structural formulae are 
incorrect— 


H—O—Cl; H—O—O—Cl; H—O—O—O—Cl; etc. 


since it would mean that the —0—0— chain becomes increasingly 
stable with increase in the number of oxygen atoms involved. It is only 
necessary to compare the relative stabilities of water and hydrogen peroxide, 
to see that the opposite is in fact the case, especially as no compound, such 
as h—O—O—O—H has ever been isolated. 

2. The generally accepted structures, until quite recently, have considered 
the additional oxygen atoms, after hypochlorous acid, to be attached to the 
chlorine atom by its lone-pairs of electrons, i.e.— 


H—O—Cl; H—O—Cl->0; 


O O 

t t 

H—O—Cl-> O; H—O—Cl-> O 

I 

O 


The employment of the lone-pairs of electrons on the chlorine atom in 
forming such co-ordinate linkages would be expected to increase t e 
stability of the molecule as a whole, in agreement with fact. Also, in t e 
proposed formula for perchloric acid, all the lone-pairs of electrons o 
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the chlorine atom have been used, so that this acid should represent 
the highest member of the series. This is also in accordance with fact, 
since no oxy-acid of chlorine containing more oxygen than perchloric 
acid has yet been isolated. 

3. Modern theory considers the co-ordinate link to represent a rather 
weak bond, and to occur much less frequently than was formerly supposed. 
The valency of chlorine is accordingly no longer considered to have the 
constant value of one in its oxy-compounds, and the formulae are now 
considered to be— 

O 

H—O—Cl; H—O—0 = 0; H—O—C1 = 0; H—O—C1 = 0 


O O 



O O 


It thus appears, from a study of the chlorine compounds that chlorine 
shows all valencies from one to seven inclusive (with the exception of 
two), but the most stable compounds are those in which the valency is 
either one or seven. 

Oxy-compounds of Bromine 

Bromine appears to form no oxides stable at ordinary temperatures, but 
the monoxide, Br 2 0, may exist at low temperatures. Hypobromic and 
bromic acids and salts are analogous both in preparation and behaviour 
to the corresponding chlorine compounds, but no perbromic acid or 
perbromate is known. 

Potassium bromate on heating forms the bromide and liberates oxygen 

2KBrO a = 2KBr + 30, f 

but some bromates, such as magnesium bromate, on heating decompose 
to the oxide, liberating both oxygen and bromine— 

2Mg(Br0 3 ) 2 = 2MgO + 2Br 2 f + 50 2 f 

Oxy-compounds of Iodine 

The oxy-compounds of the halogens do not show quite the same pro¬ 
gressive change in properties as has been observed with the other halogen 
compounds, and this is very largely due to the fact that iodine is predomi¬ 
nantly an electropositive element in its compounds. A similar increase in 
electropositive character with increase in atomic weight occurs in other 
groups of the Periodic Table, for example, tellurium in Group VI and 
bismuth in Group V. The relative unimportance of the oxy-compounds 
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of bromine serves also to emphasize this difference in character between the 
oxy-compounds of chlorine and of iodine, and it is then less surprising to 
find that the higher oxy-compounds of iodine arc appreciably more 
stable than the higher oxy-compounds of chlorine. 

Iodine Hydroxide, IOH. A very unstable solution of this compound 
may be prepared by dissolving iodine in cold aqueous alkali, a reaction 
which recalls the similar behaviour of chlorine and of bromine and 
suggests that the compound is hypo-iodous acid, HOI. Iodine hydroxide 
is however amphoteric, with the basic properties predominating, but only 
the salts of this hydroxide with the stronger acids are stable. Thus the 
following compounds arc relatively stable and definitely salt-like in char¬ 
acter—ICI, IBr, ICN and IN a . Iodine hydroxide decomposes on standing 
to form iodic acid and hydriodic acid, which may then react together to 
liberate free iodine— 

3IOH = MI0 3 4- 2HI 
HI0 3 + 5HI = 3I 2 1- 311,0 

Oxides of Iodine. The principal oxide of iodine is the pentoxide, I 2 0 6 , 
but other oxides, such as I/), and I.,O p are also known. These latter are 
probably not true oxides but the iodate salts of the basic trivalent iodine 
cation, I +++ c.g.— 

LOj = IO 1 . IO ; 7 , that is, basic iodine iodate; 

I , 0 9 ~ I M 1 . (IOA- that is, normal iodine iodate. 

No higher oxide than I 2 0 5 is known. 

The trivalent iodine normal and basic salts may be considered to he 
derived from the unstable I 2 0 3 , a basic oxide. The higher oxide, I 2 O r „ 
however is entirely acidic, and forms the corresponding iodic acid and 
iodates— 


(I./),)—entirely basic->salts, such as ICI 3 , I 2 (S0 4 ) 3 
I 2 0 6 —entirely acidic->iodic acid, HI0 3 , and iodates, KI0 3 , etc. 

Iodine Pentoxide, I 2 0 6 . This oxide is obtained as a white solid by the 
dehydration of iodic acid on heating to about 170 C— 

2 HIO a - H z O = i 2 o 6 

It dissolves in water to re-form iodic acid, and is remarkable in that it 
is considerably more stable than any other halogen oxide. It decomposes 
without explosion into iodine and oxygen on heating above 200 C. 

Iodic Acid, HI0 3 . In general, this is prepared by oxidizing iodine as 

shown in the first three methods given below— 

(1) By oxidizing iodine with concentrated nitric acid 

IOHNO 3 H- I 2 - 2 HIO 3 + 10NO 2 4 4H 2 0 
On cooling, crystals of iodic acid separate. 
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(2) By treating iodine with such oxidizing agents as aqueous chlorine 
or bromine, hypochlorites or permanganate. Thus, iodic acid is formed 
when a current of chlorine is passed through a suspension of iodine in 
water— 

I 2 + 5C1 2 + 6H 2 0 = 2HI0 3 + 10HCI 

(3) By warming a solution of chloric acid with iodine— 

2HC10j 4- I 2 = 2HI0 3 -f- Cl 2 f 

This reaction should be compared with the reaction— 

2HI + Cl 2 = 2HC1 + I 2 

since it reveals the great difference between iodine and chlorine in their 
relative affinities for oxygen and hydrogen. Chlorine has the greater 
affinity for hydrogen (compare relative stabilities of HC1 and HI), but 
iodine has the greater affinity for oxygen (compare relative stabilities of 
HI0 3 and HC10 3 ). 

(4) Iodic acid may also be prepared by the action of dilute sulphuric 
acid on barium iodate— 

Ba(I0 3 ) 2 + H 2 S0 4 = BaSOj I + 2HIO ;i 

Iodic acid is a white crystalline solid, which dehydrates on heating at 
170 C to form its anhydride, iodine pentoxide. It is soluble in water and 
a strong oxidizing agent. The reaction with HI has already been noted 
as an example of its oxidizing action; other examples include its reactions 
with sulphuretted hydrogen and also with sulphurous acid— 

5H 2 S + 2HI0 3 = 5S I -f 6H 2 0 + I 2 | 

5S0 2 + 2H10 3 + 4H 2 0 = 5H 2 S0 4 + I 2 | 

Potassium Iodate may be prepared by the action of iodine on potassium 
hydroxide (the intermediate unstable iodite decomposing)— 

3I 2 + 6KOH = 5KI + KI0 3 4- 3H 2 0 

or more conveniently, by heating a concentrated solution of potassium 
chlorate with iodine, and adding a little nitric acid. 

2KC10 3 + I 2 = 2KIO a + Cl 2 | 

(cf. 2KI 4- Cl 2 = 2KC1 4- I 2 ) 

Like the chlorate and bromate, the iodate decomposes on heating, although 
a somewhat higher temperature is necessary— 

2KI0 3 = 2KI 4- 30 2 t 

The reaction of HI0 3 and HI to liberate free iodine is recalled in the use of 
potassium iodate to standardize sodium thiosulphate solutions. A weighed 
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amount of the pure iodate is treated with potassium iodide in solution and 
acidified. The following reaction then occurs quantitatively and the iodine 
may be titrated against the thiosulphate in the usual way. 

KI0 3 + 5KI + 6HC1 = 6KC1 + 3I 2 + 3H 2 0 

Periodic Acid. Periodic acid exists not as the normal acid, HI0 4 , but 
as para-periodic acid, H 5 IO G (or HI0 4 .2H 2 0), a deliquescent solid. 
Normal periodates, such as NaI0 4 , have been prepared, but the salts 
most easily formed belong to the latter type. Thus, when sodium iodate 
and sodium hydroxide are dissolved together in water, and chlorine passed 
in, the oxygen from the first-formed hypochlorite oxidizes the iodate, and 
the salt which crystallizes out is the para-periodate, N^HsIOg. 

Para-periodic acid may most easily be prepared by heating a suspension 
of iodine in perchloric acid— 

2HC10 4 + I 2 -b 4H 2 0 = 2H 5 I0 6 + Cl 2 

Periodic acid is a powerful oxidizing agent, much stronger in fact than 
iodic acid, but as with the other per-acids of the halogens, the name is a 
misnomer, since it does not contain the true peroxide grouping, —O—O—. 

Interhalogen Compounds. The halogens form a number of compounds 
with themselves, and include such compounds as— 

C1F (gas) IC1 (b. p. 97°C) 

C1F 3 (b. p. 12°C) IC1 3 (m. p. 101°C) 

BrF (gas) 

BrF 3 (b. p. 127°C) IF 5 (b. p. 97°Q 

BrF 5 (b. p. 40°C) IF 7 (b. p. 5-6°, m. p. 4-5°C) 

In general, these compounds are formed by direct reaction between the 
elements, the final product depending on the relative concentrations of 
reacting halogens. They are all decomposed by water, but IF 7 is the most 
stable in this respect and is only slowly attacked by water at ordinary 

temperatures. 

General Review of the Chemical Properties of the Halogens 

1. General reactivity decreases from fluorine to iodine. 

2. Affinity for hydrogen decreases from fluorine to iodine. 

3. Affinity for oxygen increases from fluorine to iodine, but the difference 
in the nature of the oxy-compounds of iodine when compared with those 
of chlorine is accentuated by the relative scarcity and unimportance ol 
the oxy-compounds of bromine and by such reactions as 

2HC10 3 + I 2 = 2HI0 3 + Cl 2 

In general the most stable oxy-compounds of each halogen aie those 
containing the most oxygen. 
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4. Gradual change in electrochemical character from fluorine to iodine. 
Fluorine is the most electronegative of all elements,; iodine is predomin¬ 
antly electropositive in its compounds and thus shows an abrupt change 
from the other halogens. 

5. Anomalous properties of fluorine (see p. 780) when compared with 
the other halogens, reveals a closer similarity in the properties of this 
element to oxygen. 

Some of these points of similarity are collected together in the following 
short Table. 

Table 108 


Fluorine Compared with Chlorine and Oxygen 


Chlorine 

Fluorine 

Oxygen 

HC1, gas , dissolves in 
water to form a strong 
acid 

H 2 F 2 , liquid, dissolves in 
water to form a weak 
acid 

H a O, liquid, neutral 

Good conductor of elec¬ 
tricity 

Non-conductor but good 
ionizing solvent 

Poor conductor but good 
ionizing solvent 

Non-associated 

Associated, H 2 F 2 

Associated, (H 2 0) n 

Does not react directly 
with carbon 

Reacts directly with car¬ 
bon -> cf 4 

Reacts directly with car¬ 
bon -> co 2 

Does not form com¬ 
pounds in which the 
other element shows its 
maximum valency; e.g. 
SC1 G not stable 

IF 7 , SF 0 and OsF 8 , all 
stable compounds 

S0 3 , 0s0 4 , all stable 
compounds 

CaCl 2 , soluble 

AgCl, insoluble 

CaF 2 , insoluble 

AgF, soluble 

CaO, insoluble, (but re¬ 
acts with water 
Ca(OH) 2 ) 


Uses of Chlorine, Bromine and Iodine 

Chlorine finds its main use as a bleaching agent (in the form of bleaching 
powder, sodium hypochlorite and sodium chlorite) for linen and cotton 
goods, wood-pulp and paper. It is also used in the manufacture of such 
compounds as chloroform, trichlorethylene and carbon tetrachloride in 
addition to the other compounds described in the present chapter (e.g. 
hydrochloric acid). It is also used to sterilize water for drinking purposes 
and also in the treatment of sewage and swimming-bath water. 

Bromine is used for such purposes as the manufacture of photographic 
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films and plates (AgBr), of various organic dyestuffs and chemo-therapeutic 
agents, in metallurgy and also in recent years in the preparation of anti¬ 
knock motor-fuels containing lead tetra-ethyl and ethylene dibromide. 

The main uses of iodine are in the medical field, some 70 per cent of the 
world production being used for this purpose. The medical uses of iodine 
may be divided into— 

(a) Solutions of iodine, for example in alcohol (known as tincture of 
iodine) or in aqueous potassium iodide, which are used for their germicidal 
action. In this connexion it is worth noting that the latter solution is a 
more effective germicide than the “tincture.” 

( b) Salts, such as potassium iodide, which are frequently administered 
internally for treatment of goitre, syphilis, etc. 

(c) Organic compounds containing iodine which are used as chemo¬ 
therapeutic agents in the treatment of dysentery, leprosy and arthritis, 
and also as contrast media in X-ray radiographic examination of the 
human system. 

Industrial applications of iodine include its use in the manufacture of 
organic dyestuffs; in photography (especially infra-red); in “Polaroid,” 
a light-polarizing material which is used in anti-dazzle motor-car headlights, 
protective sunglasses and various polarizing instruments; in the manufac¬ 
ture of heat-sensitive paints containing copper, mercury and silver iodides; 
and in many other less important connexions. 

MANGANESE 

Occurrence. Manganese does not occur free in nature and most of the 
world’s supply is obtained from the two black minerals, pyrolusite , Mn0 2 
and psilomelane , an impure hydrated oxide with or without varying amounts 
of barium and potassium. These minerals may be accompanied by other 
black oxides such as wad or “bog manganese," braunite , Mn 2 0 3 , and 
manganite , Mn 2 0 ; ,. H 2 0, the carbonate, rhodochrosite (dialogite ), MnCO a , 
and the silicate, rhodonite , MnSiO s which are pink in colour and are not of 
commercial importance unless they have been oxidized to one of the black 
oxides. 

The chief deposits of manganese ores are found at Nikopol in the 
Ukraine, Chiaturi in the Caucasus, the Gold Coast, Brazil and India. 

Extraction of Manganese. Manganese is manufactured by the following 
processes. 

(a) The Goldschmidt Process in which manganomanganic oxide, Mn 3 0 4 , 
is used as the source of manganese, the aluminium powder being incor¬ 
porated with the oxide; the reaction involved is— 

3Mn 3 0 4 + 8A1 = 4A1 2 0 3 + 9Mn 

(b) Electrolytic Process in which a concentrated solution of manganous 
chloride is used as electrolyte and mercury as the cathode. The manganese 
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forms an amalgam with the mercury and the latter metal is subsequently 
distilled off by heating to a temperature of 250 C, under vacuum. 

(c) Thermal Reduction by Carbon. Manganese, containing carbon as an 
impurity is obtained by the thermal reduction of the dioxide with carbon 
in an electric furnace. When less than the theoretical quantity of carbon is 
employed, manganese metal of considerable purity is obtained. Two 
typical analytical ranges of such manganese are quoted below. 

Table 109 


Typical Analytical Ranges of Manganese produced by Thermal Reduction 


Sample 

Mn 

Fe 

C 

Si 







Percentage 


Manganese metal (A) 

95-98 

1-3 

0-3 max 

1-5 max 

Manganese metal ( B ) 

85-90 

2 max 

7-0 max 

3-0 max 


(d) Ferromanganese Production. Large quantities of manganese are 
produced in the form of ferro alloys by smelting mixed ores of manganese 
and iron. Thus ferromanganese contains 78-82 per cent Mn along with 
3-7 per cent C, the balance being made up of iron. A refined ferroman¬ 
ganese is also made containing 80-85 per cent Mn, 0-1-2 per cent C, and 
up to 2 per cent Si. Spiegeleisen contains 26-28 per cent Mn, 5 per cent C, 
and a maximum of 1 per cent Si, the balance being iron. In addition to 
these materials there are also produced for special purposes silicoman- 
ganese containing 65-75 per cent Mn, and 14—25 per cent Si, and silico- 
spiegel with 25-30 per cent Mn, and 7-10 per cent Si. The balance is 
iron in each case. 

Physical Properties of Manganese 

(a) Pure manganese is a silvery-white metal, although the impure 
metal often exhibits a slightly red or yellowish tinge. 

(b) It is very hard and brittle, readily scratching glass and not being 
marked by a file. 

(c) It has a high melting point (1242 C) and a high boiling point 

(2151°C). b ^ 

(d) Manganese may exist in various polymorphic modifications accord¬ 
ing to the temperature of the observation. Thus, up to 742°C, manganese 
occurs in the form of body-centred cubic structure—this is a-manganese; 
from 742°-1191 c C, /2-manganese occurs having another cubic type of 
structure; whilst from 1191 °C, to the melting point there existsy-manganese 
having a tetragonal face-centred structure. It should also be noted that 
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electrolytic manganese also occurs in this latter tetragonal form. These 
polymorphic changes are of considerable importance in the metallurgy 
of manganese steels. 

(e) Manganese has a high density, 7-44. 

Chemical Properties of Manganese 

(a) Pure manganese is not attacked either by the atmosphere or by 
water, although when heated it combines readily with such elements as 
carbon, nitrogen, the halogens and boron. As obtained commercially, 
however, manganese suffers a slight superficial attack when exposed to the 
air, and is attacked by water, thus— 

Mn + 2H 2 0 = Mn(OH) 2 + H 2 f 

(b) Manganese is readily attacked by all the ordinary dilute acids, 
inclusive of acetic acid, evolving hydrogen copiously and forming the 
corresponding manganous salts. 

(c) Above 330°C, manganese is oxidized by carbon monoxide. 

(d) At elevated temperatures it exhibits considerable affinity for sulphur 
and for oxygen; these facts are of considerable importance in the metallurgy 
of iron and steel in connexion with the deoxidation and the desulphuriza¬ 
tion of iron. 

Uses of Manganese. The chief uses of metallic manganese are in con¬ 
nexion with the production of alloys. 

In the production of ferrous alloys, manganese is used in the form of 
ferromanganese, spiegeleisen, etc., for the deoxidation and the desulphuriza¬ 
tion of iron and of steel. These alloys are also employed when it is desired 
to produce irons and steels of higher manganese contents; it should be 
noted here that all steels and cast irons contain up to approximately 0*6 per 
cent manganese and it is only when this figure is exceeded that the materials 
known as manganese steels and alloy cast irons are produced. The former 
of these two materials are used for general engineering structural applica¬ 
tions when the manganese content is of the order of 1*5 per cent; these 
materials are the so-called “pearlitic manganese steels'’; the “austenitic 
manganese steels” contain 12-14 per cent manganese and exhibit a very 
high surface hardness, being particularly suitable for such purposes as 
jaw-crushers and railway cross-overs, etc. Alloy cast irons containing 
appreciable contents of manganese are employed for the manufacture of 
engineering components which must exhibit high resistance to abrasion. 

Manganese is less common in non-ferrous alloys than in ferrous alloys. 

A copper alloy containing 8-12 per cent Mn, 4 per cent Ni, the balance 
being copper is employed for the manufacture of electrical resistances, 
whilst manganese bronze (high-tensile brass) is of considerable importance 
both in cast form as well as in wrought form; it contains up to 3*5 percent 
Mn. Manganese is employed as a minor addition in a number o 



MANGANESE 


821 


aluminium-base light alloys in which it enhances the mechanical strength, 
and in certain magnesium-base light alloys in which it enhances the 
resistance to corrosion. 

Compounds of Manganese 

Manganese exhibits a large number of valencies, these are enumerated 
below. 

Table 110 


Valency States of Manganese 


Valency 

Corresponding Oxide 

Corresponding Ion 

2 

MnO Manganous oxide 

Mn H Mangancws ion 

3 

Mn 2 0 3 Manganic oxide 

Mn H ‘ Manganic ion 

4 

Mn0 2 Manganese dioxide 

Mn0 3 " Manean/Ve ion 

6 

MnO a Manganese trioxide 

MnO./' Mangan ate ion 

7 

Mn 2 0 7 Manganese heptoxide 

MnO/ Permanganate ion 


The most important of these oxidation states are 2, 4 and 7 respectively. 
As the valency increases from 2 to 7 the character of the corresponding 
oxides changes from strongly basic to strongly acidic. 


Divalent Manganese Compounds 

Manganous Oxide, MnO, may be obtained from any of the other oxides 
by heating them in a current of hydrogen or by calcining the carbonate. 
It is a greenish powder which oxidizes rapidly on exposure to the 
atmosphere. 

Manganous Hydroxide, Mn(OH) 2 , is a pink coloured precipitate 
produced when an alkali is added to a solution of a manganous salt. It is 
rapidly oxidized on exposure to the air, turning brown in the process, owing 
to the formation of manganese trioxide. 

Manganous Carbonate, MnC0 3 , is a reddish precipitate formed by the 
addition of alkaline carbonates to manganous salts. 

Manganous Sulphide, MnS, is a flesh-coloured gelatinous precipitate 
produced in alkaline solutions by the addition of alkaline sulphides. 

Manganous Chloride, MnCl 2 , and Manganous Sulphate, MnSO,, are 
pink coloured salts produced by the action of the appropriate acid on 
metallic manganese, manganous oxide, manganous hydroxide, or man¬ 
ganous carbonate. 

Trivalent Manganese Compounds 

Manganic Oxide, Mn 2 0 3 , occurs in nature as braunite; it may be produced 
by heating manganese dioxide in a current of ammonia— 

6Mn0 2 + 2NH 3 = 3Mn 2 0 3 + N 2 f + 3H 2 0 
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Manganic oxide is a weakly basic oxide which forms the manganic series 
of salts. In acid solution manganic salts tend to become reduced to the 
manganous state, and whilst remaining unreduced in solution they are 
subject to hydrolysis which results in the separation of manganic hydroxide , 
Mn(OH) 3 . 

Mangano-manganic Oxide, Mn 3 0 4 , may be regarded as made up of 
manganous and manganic oxides; it dissolves in sulphuric acid, for 
example to form a solution containing manganous and manganic sulphates. 

Mn 3 0 4 + 4H 2 S0 4 = MnS0 4 + Mn 2 (S0 4 ) 3 + 4H 2 0 

Mangano-manganic oxide is formed when any of the other oxides of 
manganese is heated strongly in the air. 

Tetravalent Manganese compounds 

Manganese Dioxide, Mn0 2 , occurs in nature as pyrolusite; it is a black 
powder which is insoluble in water, but capable of reacting with acids to 
form salts of tetravalent manganese such as manganese tetrachloride , 
MnCl 4 , and with bases to form salts such as calcium manganite , CaMn0 3 . 
It is, therefore an amphoteric oxide. Manganese dioxide is unstable at 
high temperatures yielding its oxygen to compounds capable of being 
oxidized at elevated temperatures; it is, therefore, employed as a decoloriz¬ 
ing agent in the manufacture of glass since it discharges the green colour of 
ferrous silicates by forming the less highly coloured ferric silicate. The 
pale yellow colour of this latter compound is masked by the slight violet 
colour of the manganic silicate produced. 

Although manganese dioxide will itself yield oxygen when heated 
strongly it is usually employed as a catalyst to promote the evolution of 
oxygen from such compounds as potassium chlorate. When manganese 
dioxide is heated with sulphuric acid it yields oxygen at 140 3 C— 

4Mn0 2 + 6H 2 S0 4 = 2Mn 2 (S0 4 ) 3 + 6H 2 0 + 0 2 t 

At higher temperatures manganous sulphate is formed instead of manganic 
sulphate— 

2Mn0 2 -f 2H 2 S0 4 = 2MnS0 4 + 2H 2 0 + 0 2 t 

The oxidizing action of manganese dioxide is further illustrated by its 
action on hot concentrated hydrochloric acid. 

Mn0 2 -I- 4HC1 = MnCl 2 + Cl 2 t + 2H 2 0 

This last reaction may be employed as a means of evaluating the content 
of available oxygen in a sample of pyrolusite, the liberated chlorine being 
passed through potassium iodide solution and the displaced iodine then 
determined volumetrically by means of sodium thiosulphate solution. 
Another method for the evaluation of pyrolusite depends upon the fact 
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that when manganese dioxide is heated with concentrated sulphuric acid 
and oxalic acid, the latter is oxidized to carbon dioxide; it is therefore 
possible, starting with a known volume of oxalic acid, to determine the 
excess left behind by titration with standard potassium permanganate 
solution. 

Mn0 2 + (COOH) 2 + H 2 S0 4 = MnS0 4 + 2C0 2 t + 2H 2 0 

In addition to being employed for the decolorizing of glass, manganese 
dioxide finds very important application as a depolarizer in the manu¬ 
facture of dry batteries and as a drier in the manufacture of paints. Much 
of the dioxide is also used in the production of permanganates. 

Hexavalent Manganese Compounds 

The Manganates. Whilst manganic acid , H 2 Mn0 4 is unknown, salts of this 
acid are known, and those of the alkaline elements are stable in a state of 
alkaline fusion. The manganates are bright green in colour and in some 
cases are isomorphous with the sulphates, the selenates and the chromates. 
Thus sodium manganate , Na 2 Mn0 4 , is prepared by fusing sodium peroxide 
with sodium hydroxide and manganese dioxide. 

2Mn0 2 -f 4NaOH + 0 2 = 2Na 2 Mn0 4 -f 2H>0 

from 

oxidizing 

agent 

On extraction with water a green solution of sodium manganate is obtained. 
If this solution is diluted or rendered acidic it will be converted into the 
violet coloured permanganate, NaMnO.,. In this oxidation from the 
hexavalent to the heptavalent state the oxidizing agent is the manganate 
ion itself which is itself in part reduced, producing manganese dioxide. 

3Na 2 Mn0 4 + 2H 2 0 ^ 2NaMn0 4 -f Mn0 2 | -f- 4NaOH 

Heptavalent Manganese Compounds 

Manganese Heploxide, Mn 2 0 7 , is a heavy, violet-brown oily liquid 
produced when potassium permanganate is added to ice-cold concentrated 
sulphuric acid. Manganese heptoxide is a very unstable substance liable 
to explosive decomposition into oxygen and manganese dioxide. Per¬ 
manganic acid, itself, HMn0 4 , is stable in acid solution being produced 
by decomposing barium permanganate with sulphuric acid, which removes 
the barium as its insoluble sulphate. 

The two most important of the permanganates are those of potassium 
and sodium; they are prepared by first of all making the corresponding 
manganates by fusion of the appropriate alkali with manganese dioxide. 
The fused mass is then leached with water and by the process of self¬ 
oxidation, as described above, the permanganate is produced. This 
hydrolysis is assisted meanwhile by passing carbon dioxide through the 

27—(T.447) 
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solution, thereby converting the caustic alkali into the bicarbonate; the 
violet coloured solution of the permanganate is then filtered through glass 
wool, concentrated and allowed to crystallize. 

Sodium and potassium permanganate are also manufactured by the 
electrolytic oxidation of the corresponding manganate solutions. 

Potassium Permanganate, KMn0 4 , the most important permanganate, 
crystallizes in the form of deep violet coloured prisms which dissolve 
readily in water to produce a magenta coloured solution characteristic of 
the permanganate ion. Potassium permanganate is a powerful oxidizing 
agent, thus when heated alone, or with dilute sulphuric acid or with 
concentrated alkali solution it yields oxygen— 

2KMn0 4 = K 2 Mn0 4 + Mn0 2 + 0 2 f 
4KMn0 4 + 6H 2 S0 4 = 2K 2 S0 4 + 4MnS0 4 + 6H 2 0 + 50 2 f 
4KMn0 4 + 4KOH = 4K 2 Mn0 4 + 2H 2 0 -f 0 2 f 

Potassium permanganate explodes when heated with concentrated sul¬ 
phuric acid. With hydrochloric acid, potassium permanganate yields 
chlorine as follows— 

2KMn0 4 + 16HC1 = 2KC1 + 2MnCl 2 + 8H 2 0 + 5C1 2 f 

Similarly, sulphites are oxidized by permanganate to sulphates, and 
nitrites to nitrates. 

In solution potassium permanganate behaves as an oxidizing agent in 
one of two ways according as to whether the solution is either ( a ) acidic, or 
( b ) neutral or basic. In acid solution the permanganate ion accepts five 
electrons to form the manganous ion— 

MnO/ + 5c' + 8H+ -> Mn++ -f 4H 2 0 

Typical reactions of this type are as follows— 

10FeSO 4 +2KMnO 4 +8H 2 SO 4 = 5Fe 2 (S0 4 ) 3 +K 2 S0 4 +2MnS0 4 + 8H 2 0 
5(C00H) 2 +2KMn0 4 +3H 2 S0 4 = K 2 S0 4 + 2MnS0 4 +10CO 2 f +8H 2 0 
10KI + 2KMnO 4 +8H 2 SO 4 = 6K 2 S0 4 +2MnS0 4 +5I 2 +8H 2 0 

In neutral or in alkaline solution the permanganate ion accepts three 
electrons to form a precipitate of manganese dioxide— 

Mn0 4 ' + 3e' + 4H+ -* Mn0 2 I + 2H 2 0 

Thus, under such conditions potassium iodide is oxidized to iodate as 
follows— 

KI + 2KMn0 4 + H z O = KIO s + 2KOH + 2Mn0 2 i 
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THE ELEMENTS OF GROUP VIII 

IRON 

Occurrence. Apart from occasional specimens of metallic iron, this metal 
always occurs in nature in the form of compounds, the most common of 
which are oxides, carbonates and sulphides. The first two groups of these 
compounds are by far the most important, and it is from them that the 
world’s supply of iron is obtained. 

The ores of iron may be divided into two groups: ( a ) high phosphorus 
ores, and ib) low phosphorus ores. Since practically all the phosphorus 
in the charge passes into the pig iron produced during the smelting 
process, this distinction is obviously important. The carbonate and 
hydrated oxide ores such as clay ironstone , black band iron ore , spathose , 
and certain of the brown hcematites or linionites which in Great Britain 
are found principally in Lincolnshire, Northamptonshire, Staffordshire 
and Lanarkshire, are of the high phosphorus type, and it is from these 
ores that the so-called “basic pig irons’* are smelted. The iron content of 
such ores varies from about 20 per cent in the case of clay ironstone to 
approximately 60 per cent for limonite. The low phosphorus ores are all 
oxide ores of which the chief are magnetite (magnetic iron ore or lodestone) 
containing ferroso-ferric oxide, Fe 3 0 4 , and mined principally in Scandi¬ 
navia, Noith America and India; and red hcematite (kidney iron ore or 
specular iron ore ) containing ferric oxide, Fe 2 0 ;5 , deposits of which occur 
in the Carnforth district of Lancashire, the Santander and Bilbao districts 
of Northern Spain, and the Lake Superior region of North America. Good 
samples of magnetite contain about 72 per cent iron, and red hematite 
approximately 70 per cent iron. 

In addition to the above mentioned ores, sintered pyritic ores known as 

“Blue Bdly ” or purple ore , cinder from reheating and puddling furnaces, 

and forge scale also constitute part of the blast furnace charge in certain 
plants. ° 

Extraction of Iron. This is achieved in two stages, (i) calcination of the 
iron ore, and (ii) smelling. 

Calcination. Before an iron ore is charged into the blast furnace it is 

necessary, in most cases to subject the material to a preliminary process. 

This consists in the first instance of ore dressing to remove as far as 
possible the gangue or “vein stuff.” 

The concentrate from this preliminary treatment is then calcined or 
heated in a special type of kiln in order to ensure that any ferrous oxide is 
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converted to ferric oxide, and also that any manganese present exists in its 
highest state of oxidation. In addition to these chemical changes, calcina¬ 
tion causes the material to assume a more porous state, thus making for 
more ready reduction to metallic iron in the blast furnace, and it lowers the 
sulphur content. 

Smelting in the Blast Furnace. The calcined ore is then charged into the 
blast furnace along with coke and limestone, the ore and the limestone 
constituting what is known as the “burden.” The movement of these 
materials through the blast furnace is shown in the form of a flow sheet in 
Fig. 250(a), whilst the general arrangement of the blast furnace and its 
subsidiary plant is given in Fig. 250(6). 

The blast furnace consists of a tapered, cylindrical steel shell, lined with 
refractory brickwork and in most cases of a total height of about 100 ft. 
Air is preheated in Cowper stoves to a temperature of about 650°C and 
blown into the lower part of the blast furnace through tuyeres , so causing 
the coke to burn principally to carbon monoxide which passes upwards 
through the furnace, reducing the iron oxide to metal, thus— 

Fe 2 0 3 + 3CO = 3CO, f + 2Fe 

The ieduced iron, which remains in the form of a spongy mass, on 
descending still further, melts and runs down to the well or hearth of 
the furnace, whence it is tapped off at regular intervals. 

Concurrently with the reduction of the iron oxide, the gangue and flux 
react with one another, and later with the coke ash, to produce a readily 
fusible slag or cinder which floats on the surface of the heavier molten 
iron and is tapped from the furnace through a slag notch situated higher 
in the well than the iron notch, this reaction being as follows— 

2CaO + 2SiO, = 2CaO . SiO, 

The waste gases which pass upwards through the blast furnace consist 
of about 30 per cent CO and 10 per cent C0 2 , the remainder being largely 
nitrogen, this mixture is known as blast furnace gas. To prevent the 
escape of the blast furnace gas during charging, two conical bells are 
fitted to the top of the blast furnace; these operate as follows. The charge 
in the skip is delivered to the upper bell which is then lowered to allow the 
charge to fall on to the lower bell, which meanwhile is held against its 
hopper, so preventing the escape of gas; the upper bell is then raised and 
the lower bell lowered, so permitting the entrance of the charge into the 
furnace but precluding the escape of gas, all of which passes along the 
downtake. The products of the blast furnace are therefore pig iron sla<* 
and gas. Blast furnace slag is used in the manufacture of slag wool a 
material valuable for its thermal and acoustical insulating properties for 
makmg certain types of cements, and for road metal and railway ballast 
The blast furnace gas, after cleaning, is used for many purposes amongst 
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which may be mentioned the heating of the Cowper stoves in which the 
gas is burnt with sufficient air for combustion, and for steam raising in 
boilers fitted with gas burners instead of the usual grate, as fuel for gas 
engines driving blowers to supply the large volume of air required in the 
blast furnace, for mixing with coke-oven gas as a fuel in open-hearth steel 
furnaces and reheating furnaces, and to a certain extent for illuminating 
purposes. 

For a modern blast furnace using red haematite ore and producing 
750 tons of iron per day the following materials are required—1250 tons 
ore, 700 tons coke, 290 tons limestone, and 2500 tons air; in addition to 
the pig iron produced, 75 million cubic feet of blast furnace gas will be 
produced daily. 

The molten iron as tapped from the blast furnace may be used either 
for the manufacture of steel by transferring it in the molten state to the 
steel works, or it may be cast into rough bars or pigs , from 36 in. to 
48 in. long and weighing from 1 to If cwt each. This is the pig iron 
of commerce. 

The casting of pig iron may be carried out either intermittently by 
running the iron straight from the blast furnace into prepared open sand 
moulds, or continuously by means of a pig-casting machine consisting 
of one or more endless rotating belts in which iron moulds are mounted; 
the molten iron is run from a ladle into the moulds at one end of the 


rotating belt and the pigs so formed are rapidly chilled by water sprays as 
the belt moves on, until at the other end of the cycle, they are quite solid 
and suitable for charging direct into the waiting trucks. These machine- 
cast pigs are usually supplied in the form of slabs weighing about 1 cwt. 

Classification of Pig Irons and Their Uses. If the temperature of the air 


used in the blast furnace is not over 100°C, the resulting pig iron is known 
as cold-blast pig iron. The quantity of this material produced is much 
smaller than that produced using hot blast, and is employed amongst 
other purposes for the manufacture of high-duty castings. With pre-heated 
air, hot-blast pig iron results, of which there are a number of varieties 
according to their phosphorus contents; the pig iron with the lowest 
phosphorus content is that obtained by the smelting of magnetite and 
red haematite, and the highest is basic pig iron. The former of these hot- 
blast pig irons is employed for the manufacture of high-duty iron castings, 
for ingot mould castings, and for tinplate manufacture; basic pig irons 
are employed for the production of basic steel and for the manufacture 
of general iron castings—in the latter case they are often termed “special 
cylinder irons. Pig iron always contains carbon, silicon, sulphur, phos¬ 
phorus and manganese; the carbon may exist in two forms, as free 
graphite, and as iron carbide, Fe 3 C (cementite). The relative proportions 
of graphite and iron carbide vary according to the conditions which 
obtain during manufacture (e.g. blast furnace temperature). When the 
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graphite content is high the fracture of the pig iron exhibits a grey appear¬ 
ance whilst when the iron carbide content is high the fracture is white in 
appearance. Pig irons of the high-graphite type are termed grey pig irons 
and those of the high iron carbide type are known as white irons. When 
the graphite content is high the iron carbide content is low, and vice 

versa. The chief characteristics of grey and white pig irons are tabulated 
below. 

Table 111 


Chief Characteristics of Grey and White Pig Irons 


Grey Pig Iron 

White Pig Iron 

Most of the carbon is free in the form 
of graphite 

Most of the carbon is chemically com¬ 
bined in the form of iron carbide, 
Fe 3 C 

The silicon content is high 

The silicon content is low 

The manganese content is high 

The manganese content is low 

The iron is open-grained 

The iron is close-grained 

The iron is soft and tough 

The iron is hard and brittle 


In all pig irons the graphite content varies from a trace up to about 
3-5 per cent, whilst the iron carbide content varies from about OT to about 
3-0 per cent. The silicon content of all pig irons varies from 0*3 to 3*0 per 
cent, and the manganese content from 0-3 to about 1-4 per cent. In all 
pig irons the sulphur content ranges from 0-015 to 0-2 per cent. In haematite 
pig irons the phosphorus content ranges from 0 02-0-05 per cent, but in 
basic pig irons it is usually of the order of T4—T6 per cent. 

The Manufacture of Steel 

Steel is essentially an alloy of iron with carbon, the content of the latter 

element varying from about 0-1 to about 1-5 percent. In addition to carbon, 

however, there are always present to a greater or less extent the elements 
silicon, manganese, sulphur, and phosphorus, and in the case of the 
alloy steels, such elements as nickel, chromium, etc., in addition. It is thus 
possible to distinguish between (a) the so-called “carbon steels”—those not 
containing alloying elements such as nickel and chromium, nor the elements 
silicon or manganese in contents over 1 per cent, and ( b ) the so-called “alloy 
steels when these composition requirements do not obtain. 
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In addition to classifying steels according to their chemical composition 
it is also customary to classify steels as either “acid” or “basic,” these 
names indicating the chemical nature of the furnace lining in which the 
steel is made. Acid furnace linings are those which are essentially siliceous 
in nature, whilst basic furnace linings are composed of basic refractories 
such as calcined dolomite. 

The pig iron most suitable for the production of acid steel is that 
produced from low-phosphorus ores such as red haematite; those ores 
of the high-phosphorus type such as the carbonate ores are only suitable 
for treatment in basic-lined furnaces and thus give rise to the basic steels. 
The chief types of steelmaking processes in use at the present time are 
(a) the Bessemer process, ( b ) the open-hearth process, and (c) electric 
processes. 

The Bessemer Process. The principle of the Bessemer process consists 
in blowing air through molten pig iron contained in an egg-shaped vessel 
known as a converter. The converter (see Plate VI) consists of a steel 
shell lined with refractory material which may be either acidic (i.e. siliceous) 
or basic (i.e. dolomitic) in nature, thus giving rise to two variants of the 
Bessemer process, (i) the acid Bessemer process, and (ii) the basic Bessemer 
process, the former being employed with low-phosphorus pig irons, and 
the latter with high-phosphorus pig irons. 

An air blast from a blower is supplied to a blast box situated in the base 
of the converter, from which air passes to the interior of the converter by 
way of a large number of holes or tuyeres. The oxygen in this air oxidizes 
the impurities (i.e. C, Mn, Si, S and P) present in the pig iron which are 
removed as oxides either in the gaseous state or as constituents of the 
slag. The siliceous nature of the lining of a converter used in the acid 
process does not permit of the removal of phosphorus hence the necessity 
for employing pig irons containing low phosphorus in this variant of the 
Bessemer process; a basic lining, such as one made of dolomite, renders 

possible the easy removal of phosphorus. 

The converter, already hot from a previous blow or alternatively heated 
by means of a fire when starting work for the day, is charged with molten 
pig iron whilst in the horizontal position. The blast is turned on and t le 
converter turned into a vertical position. The process of oxidation which 
follows causes the liberation of a large quantity of heat, in fact the silicon, 
manganese, and in the basic process the phosphorus in addition, constitute 
what are known as “inorganic fuels." The various stages of the blow 
cause alteration in the character of the flame issuing from the mouth o 
the converter, and it is by observation of this flame that the opera or 
knows from experience whether or not the iron has been fully conver e 
into steel. In the first or “slag-forming” stage during which silicon and 

manganese are largely oxidized a short luminous flame iss ^ es rom 
converter; but as the content of these elements is reduced t e car o 
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begins to oxidize to carbon monoxide which burns at the mouth of the 
converter; this stage, which is accompanied by the ejection of white-hot 
slag particles, is known as the “boil.” With the removal of carbon the 
flame drops, and this is an indication, when handling low-phosphorus 
pig iron, that conversion into steel is complete, whereupon the converter 
is turned down, the blast turned off and the steel poured into the waiting 
ladle. The average time for a complete blow of acid steel is from 18 to 20 
minutes. In the case of high-phosphorus pig irons blowing is continued 
for 3 to 5 minutes longer after the “drop” of the flame, indicating carbon 
removal, in order to eliminate phosphorus; this additional period is 
known as the “afterblow.” 

The steel poured into the ladle from the converter, however, contains 
too little carbon for most purposes, and the presence of iron oxide (iron is 
obviously oxidized to some extent along with the elements carbon, silicon, 
manganese, sulphur and phosphorus) renders it useless for engineering 
purposes since in this state it is too brittle. It is, therefore, necessary to 
deoxidize the steel by making additions to the ladle of ferromanganese 
or of spiegeleisen (see p. 818). The manganese present in these alloys 
reacts with the iron oxide forming manganese oxide which is removed in 
the slag. An excess of manganese over and above that required for this 
deoxidation is always added, and this alloys with the steel, of which it is 
an essential constituent. A measured addition of anthracite dust is also 
added to recarburize the steel. 

The Open-hearth Process. The principle of the open-hearth process 
consists essentially in the oxidation of the impurities present in the pig iron, 
the process being conducted in a shallow bath by means of solid oxidizing 
agents. The chemical reactions which occur are similar to those occurring 
in the Bessemer process. 

The open-hearth furnace (see Fig. 251) consists of a rectangular, 
double-ended, gas-fired reverberatory furnace. The chamber or hearth 
in which the gaseous fuel burns connects at each end with regenerator 
chambers filled with chequer brickwork in a similar manner to that 
present in Cowper stoves (see p. 827). These chequers are worked in 
pairs, one for gas (a mixture of blast furnace gas and coke-oven gas is 
often employed), and the other for the air to supply the necessary oxygen 
for combustion of the gas. Air and gas are passed through each pair 
alternately, the change-over from one pair to the other taking place at 
regular intervals of about 20 to 30 minutes. Thus, one pair of regenerators 
is being heated up by the passage of the hot products of combustion from 
the hearth to the stack, whilst air and gas are being pre-heated to a tem¬ 
perature of between 900 c and 1200°C in the other pair; this will be clear 
from a study of Fig. 251. The time required for conversion of the charge 
into steel is from 4 to 10 hours. The lining of the open-hearth furnace, 
like the Bessemer converter, may be either of acid or of basic refractory 



832 


THE ELEMENTS OF GROUP VIII 

material. Deoxidation is carried out on the steel in the ladle, as tapped 
from the open-hearth furnace, as in the case of the Bessemer process. 

Electric Steel-making Processes. The electric furnaces employed for 
the manufacture of steel may be divided into two types: (i) arc furnaces, 
and (ii) high-frequency induction furnaces. 



To y Stack 

Fig. 251. General Arrangement of Open-hearth Plant 


In arc furnaces the heat required is generated by an electric arc struck 
either between two carbon electrodes, or pairs of electrodes, or between 
carbon electrodes and the charge. The latter modification, known as a 
“direct-arc furnace,” is of greater importance in steel-making. Such 
furnaces are usually lined with basic refractory material and generally 
work with a charge composed of steel scrap—in fact, steelmaking by this 
process is essentially steel refining and is normally only employed for the 
manufacture of high-grade alloy steels, such as are employed in increasingly 
large quantities by the aeronautical, automobile, machine tool and othei 
industries. 
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High-frequency induction furnaces are essentially melting furnaces for 
the production of highly-alloyed steels from virgin materials. 

Types of Steels. All commercial steels contain varying amounts of 
carbon, manganese, silicon, sulphur and phosphorus, and often in 
addition, such elements as nickel, chromium, molybdenum and vana¬ 
dium. In carbon steels the only elements present are carbon, manganese 
up to about 1 per cent, silicon up to about 03 per cent, sulphur and 
phosphorus. An alloy steel may be said to be a steel which contains, in 
addition to carbon, sulphur and phosphorus, more than 1 per cent of 
manganese, or more than 03 per cent of silicon, or some other element or 
elements such as nickel, chromium, etc. In addition to classifying steels 
as either ( a ) carbon steels, and (b) alloy steels, it is often useful to 
distinguish between steels according to the uses to which they are applied. 
Thus a distinction may be made between (i) structural steels, and (ii) 
special purpose steels, this mode of classification is enlarged upon below. 

Table 112 


Classification of Steels 


(i) Structural steels 

(a) Carbon 


( b ) Alloy 

(ii) Special purpose steels 


Tool and die steels 

(a) Carbon 

Stainless steels 

(b) Alloy (e.g. High-speed steel) 

(a) Martensitic (e.g. 14 per cent Cr:0-3 
per cent C) 

Heat-resisting steels 

Steels employed for 
magnetic purposes 

(b) Austenitic (e.g. 18 per cent Cr:8 per 
cent Ni: OT C) 

(e.g. Tungsten steels and cobalt steels) 


Some typical analyses of various types of steels are given in Table 113 
shown on p. 834. 


Physical Properties of Iron 

{a) Iron is a white metal. 

(b) It is a heavy metal, density = 7-87. 

(r) In the pure state it is soft, malleable and ductile, its mechanical 
properties being unaffected by quenching. 

(</) Iron is highly magnetic, but when heated to temperatures of 770°C 
or above it ceases to be magnetic. On cooling below 770°C (the Curie 
point for iron) its magnetic characteristics return. 

(e) Iron has a high melting point (1537°C). 

if) Iron is a polymorphic metal, three polymorphic forms being 
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recognized, known as a-, y- and (5-iron respectively. The first-named, 

a-iron exists up to a temperature of 910°C and exhibits a body-centred 

cubic structure; y-iron exists between 910°C and 1400°C, this polymorph 

exhibiting a face-centred cubic structure; (5-iron exists from 1400°C to the 

melting point of the metal, and has, like a-iron, a body-centred cubic 
structure. 


Table 113 


Typical Analyses of Various Types of Steels 


Type of Steel 


Chemical Composition (percentage) 
(Balance iron in each case) 



r 

c 

Si 

Mn 

Ni 

Cr 

V 

Mo 

W 

S 

P 

Mild steel 

0-15 

0-20* 0-50 

i 





0-05 

0-05 

Medium carbon steel 

0-40 

0-15 

0-60 





I 

0-03 

004 

High carbon steel . 

0-70 

015 

0-40 






0-03 

0-03 

Tool steel 

1-20 

015 

0-25 





1 

0-02 

0-02 

3 per cent nickel steel 

0-30 

0-30 

0-60 

3-00 





0-02 

0-02 

Nickel-chromium-molyb¬ 

1 










denum steel . . 

0-30 0*30 

0-60 

3-50 

0-75 


0-60 


0-02 

0-02 

High-speed steel 

0-80 0-30 

0-35 


4-50 

1-50 

1 

18-0 

0-02 

0-02 

Martensitic stainless steel 

0-30 




12-00 




0-02 

0-02 

Austenitic stainless steel . i 

010 



8-00 

18-00 




0-02 

0-02 

Heat-resisting steel . .! 

1-00 

1-00 


7000 

20-00 



4-0 



Alnico (a magnet “steel”) 




20-00 

10-00 

per cent Co 



1 



| 


10-00 

per cent A1 




Chemical Properties of Iron 

(a) Iron is stable in dry air at atmospheric temperature, but if heated 
it burns forming ferroso-ferric oxide, Fe 3 0 4 . 

( b ) When heated in steam, iron is also converted to ferroso-ferric 
oxide— 

3Fe + 4H 2 0 ^ Fe 3 0 4 + 4H 2 f 

(c) In moist air iron is said to “rust.” The process of rust formation is 
very complex; it would appear that the presence of oxygen and water are 
essential, the presence of carbon dioxide and/or metallic salts accelerating 
rusting, whilst the presence of alkalis impedes it. Essentially the rusting 
of iron is an electrolytic process. Since all ordinary forms of commercial 
iron lack a uniformity of surface, when immersed in water those areas 
with lowest electrode potentials (see p. 268) function as anodes, the other 
portions of the iron surface serving as cathodes. The net result is that 
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moist iron functions as a short-circuited cell in which the following 
electrochemical reactions take place. 



At the Anode 

At the Cathode 

Reaction taking place 

Fe (metal) — 2 electrons 

= Fe++ 

2H 2 0 = 2H+ + 20H' 
2H +2 electrons = H 2 

Net result 

Iron dissolves 

Hydrogen is evolved 


If no oxygen is present in the cell, the hydrogen evolved at the cathode 
polarizes the cell; in the presence of oxygen the hydrogen is oxidized to 
water and the iron passes continuously into the ionic state at the anode. 
The Fe M and OH' ions react to form ferrous hydroxide, Fe(OH) 2 which, 
in turn reacts with carbon dioxide to yield ferrous carbonate, FeC0 3 . The 
ferrous carbonate is then oxidized by the oxygen of the air to basic ferric 
carbonate, Fe(0H) 2 (HC0 3 ) or to Fe(OH) (HC0 3 ) 2 , or both, which are 
then hydrolyzed to ferric hydroxide, Fe(OH) 3 ; and the ferric hydroxide is 
more or less dehydrated forming ferric oxide, Fe 2 0 3 . aH 2 0. Since ferric 
oxide is more or less hygroscopic, rusting accelerates with the passage 
of time since ferric oxide tends to maintain the iron surface in a moist 
condition. 

(d) Iron is readily attacked by dilute sulphuric and hydrochloric acids 
forming the corresponding ferrous salts and evolving hydrogen. 

With nitric acid, different products result according to the concentration 
of the acid. Thus dilute nitric acid (specific gravity below 1-034) yields 
ferrous nitrate and sometimes ammonium nitrate; as the concentration of 
the acid increases, ferrous nitrate and ferric nitrate are successively the 
chief products. Concentrated nitric acid passivates the surface of iron 
rendering it inactive to many reagents; this passivity is due to the forma¬ 
tion of an oxide film, actually ferroso-ferric oxide, Fe 3 0 4 . This passivity 
may be destroyed by scratching the iron surface. 

O') Iron combines directly with the halogens, sulphur and phosphorus. 

(/) With carbon, iron forms iron carbide, Fe 3 C (cementite). This com¬ 
pound is of considerable importance since .it is because of the varying 
solid solubility of Fe 3 C in a-ion and y-iron that steels are capable of 
hardening when heated to red heat and then quenched (or immersed) in 
water. Iron carbide will only dissolve to the extent of 0 03 per cent in 
a-iron and this is at 723 C; at room temperature the solid solubility 
is in the region of 0-006 per cent. In y-iron, however, Fe 3 C exhibits a 
higher solubility of 1-7 per cent (at 1130°C). Thus, on quenching a steel— 
which at red heat is a solid solution of Fe 3 C in y-iron—a supersaturated 
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solid solution of Fe 3 C in a-iron is produced in which there exists a consider¬ 
able degree of internal strain. The result is that such quenched steel 
exhibits a pronounced hardness—in fact, it is commonplace to state that 

such material is “glass hard,” by which is implied that its hardness is so 
great that it will scratch glass. 

Compounds of Iron 

Iron forms two series of compounds, those in which a valency of two is 
exhibited the ferrous compounds; and those in which a valency of 
three is exhibited—the ferric compounds. 

Ferrous Oxide, FeO, is a black powder produced either by the reduction 

of ferric oxide with hydrogen at 300°C, or alternatively by heating ferrous 
oxalate— 

FeC 2 0 4 .3H 2 0 = FeO + CO f + C0 2 f + 3H 2 0 

On exposure to the atmosphere it readily undergoes oxidation, in certain 
cases spontaneous combustion occurring, ferric oxide being produced. 
Ferrous oxide is a basic oxide readily reacting with dilute acids to form 
the corresponding ferrous salts. 

Ferrous Hydroxide, Fe(OH) 2 , is obtained as a white precipitate when 
a solution of an alkali hydroxide or ammonium hydroxide is added to the 
solution of a ferrous salt; the presence of air dissolved in the reagents 
causes the precipitate usually to assume a greenish colour. Ferrous 
hydroxide is readily oxidized in solution to ferric hydroxide— 

4Fe(OH) 2 -f 0 2 + 2H 2 0 = 4Fe(OH) 3 

from 
the air 

Ferrous hydroxide is a stronger base than ferric hydroxide as is indicated 
by the fact that it will form a carbonate , a bicarbonate and a very stable 
sulphide. Ferrous hydroxide unlike ferric hydroxide is soluble in ammonium 
chloride; it is therefore necessary in the Group Separation of the metals in 
qualitative analysis to ensure that any iron present is oxidized to the ferric 
state prior to the addition of ammonium chloride and ammonium hydroxide 
—the group reagents for Group 3 of the usual qualitative analytical 
scheme. This oxidation is usually carried out by boiling the solution, after 
the separation of Group 2, with a few drops of concentrated nitric acid. 

Ferric Oxide, Fe 2 0 3 . This oxide occurs in nature as red haematite 
(kidney iron ore, or specular iron ore). It is also known as an article of 
commerce under such names a s jeweller's rouge , Venetian red , crocus powder , 
crocus martis and colcothar. In the laboratory ferric oxide may be prepared 
by heating ferrous sulphate— 

2FeS0 4 = Fe,0 3 + S0 2 1 + S0 3 f 

Alternatively, it may be prepared by heating ferric hydroxide. Ferric 
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oxide reacts with acids to form the corresponding ferric salts. Apart 
from the use of ferric oxide (as red haematite) as a source of metallic iron, 
it is employed in industry as an abrasive (jeweller’s rouge, crocus powder, 
etc.), and as a red pigment (red ochre and Venetian red). A naturally- 
occurring haematite known as micaceous haematite is black in colour and 
finds application as a black pigment and for the making of welding rod 
coatings. 

Ferric Hydroxide, Fe(OH) 3 , is precipitated when a solution of a caustic 
alkali or ammonium hydroxide is added to the solution of a ferric salt. 
Ferric hydroxide is dark brown in colour; unlike aluminium hydroxide 
it is insoluble in excess alkali. On allowing the precipitate to dry, or on 
heating, ferric hydroxide suffers dehydration, ferric oxide being formed. 
Ferric hydroxide is a very weak base, it reacts with acids forming the 
corresponding ferric salts which in aqueous solution are hydrolyzed. 

Ferroso-ferric Oxide, Fe 3 0 4 (Magnetite, lodestone) is the most stable 
oxide of iron. It is formed when iron is heated in air or in oxygen. This 
oxide is probably an example of a “compound" oxide—being analogous 
to Pb 3 0 4 and Mn 3 0 4 in this respect. On treatment with acids it yields 
solutions containing a mixture of the corresponding ferrous and ferric 
salts. 

Salts of Iron 

Ferrous Carbonate, FeC0 3 , is produced as a white precipitate when 
air-free solutions of sodium carbonate and a ferrous salt are mixed. Con¬ 
tact with the air leads to oxidation of the ferrous carbonate which first 
becomes green and finally red owing to the production of ferric hydroxide 
by hydrolysis. Ferrous carbonate dissolves readily in water containing 
dissolved carbon dioxide owing to the formation of soluble ferrous 
bicarbonate , Fe(HCO a ) 2 , a salt only known in solution. 

FeC0 3 + C0 2 + H 2 0 ^ Fe++ + 2(HC0 3 )' 

Ferrous Sulphate, FeS0 4 , ( Green vitriol or copperas) is prepared in the 

laboratory by the action of dilute sulphuric acid on metallic iron, the salt 

being obtained in the form of the green heptahydrate by evaporation of 

the resulting solution. On a commercial scale, green vitriol is obtained 

by evaporation of the residues of pickling baths (originally containing 

sulphuric acid) used for the descaling of mild steel sheets prior to tinplating 

and galvanizing. When strongly heated, ferrous sulphate is decomposed, 

ferric oxide, sulphur dioxide, sulphur trioxide and water being formed 
thus— 5 

FeSO, . 7H 2 0 -* FeSO, . HX> - 3 - 00 c > FeSO, 

2FeS0 4 = Fe 2 0 3 + S0 2 t + SO a f 

Aqueous solutions of ferrous sulphates are capable of absorbing nitric 
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oxide and this property is utilized in the “brown-ring” test for nitrates (see 
p. 652). Ferrous sulphate forms a double salt with ammonium sulphate 
known as ferrous ammonium sulphate FeS0 4 . (NH 4 ) 2 S0 4 .6H 2 0. This 
double salt, sometimes known as Mohr's salt is less soluble in water 
than ferrous sulphate, and therefore is more readily obtained in a higher 
degree of purity; in addition, in solution Mohr's salt is less readily 
oxidized by the air. In the laboratory Mohr's salt is usually employed 
for the making up of “standard iron solutions.” In commerce ferrous 

sulphate is employed for the manufacture of weed killers and for writing 
ink. 

Ferrous Sulphide, FeS, is made by heating a mixture of iron filings and 
sulphur; it is also produced as a precipitate when aqueous solutions of 
ferrous salts are treated with an excess of an alkaline sulphide. Ferrous 
sulphide is easily melted and is usually cast into sticks or rods, which are 
black in colour. Ferrous sulphide in this form is used in the laboratory 
in the Kipp's apparatus (see p. 362) for the production of hydrogen 
sulphide. 

Ferric Chloride, FeCl 3 , is produced in the form of a sublimate of black 
scales w'hen chlorine is passed over iron maintained at red-heat. This 
reaction is exothermic in nature. Ferric chloride melts at 300°C, its 
vapour at 450 C corresponding to the formula Fe 2 Cl 6 ; at higher tempera¬ 
tures (i.e. up to about 750 C) the vapour density diminishes progressively 
to a value corresponding with the formula, FeCl 3 . At temperatures in 
excess of 750 C, a further reduction in the value of the vapour density 
occurs, probably due to the dissociation of ferric chloride into ferrous 
chloride and chlorine— 

2FeCl 3 ^ 2FeCl 2 + Cl 2 t 

Ferric chloride may be obtained in the hydrated state by the action of 
hydrochloric acid (to which a little nitric acid has been added) on metallic 
iron, ferrous carbonate, or ferric oxide; by allowing the resulting solution 
to crystallize the hexahydrate, FeCl 3 . 6H 2 0 is formed. Ferric chloride is 
very soluble in water, a whole series of hydrates being formed; such 
solutions are yellow in colour like the hydrate. Aqueous solutions 
hydrolyze, ferric hydroxide being precipitated; in certain cases the ferric 
hydroxide is retained as a colloidal suspension. On heating ferric chloride, 
ferric oxide is formed and hydrogen chloride and water liberated, thus 

2FeCI 3 . 6H 2 0 = Fe 2 0 3 + 6HC1 t + 3H 2 0 

Anhydrous ferric chloride is extremely deliquescent. 

Ferric Sulphate, Fe 2 (S0 4 ) 3 , is obtained by heating ferrous sulphate 
with concentrated sulphuric acid— 

2(FeSO„ . 7H 2 0) + 2H 2 S0 4 = Fe 2 (SO.,) 3 + SO, t + 16H 2 0 



Plate V 

Production of Pig Iron: Corby, Northants 

(Left) Tapping the Blast Furnace: the Iron is Tapped Four Times a Day 

(Right) Molten Iron Runs out of the Blast Furnace into a Ladle which 

will be moved into the Converter House 











Open Hearth Furnace—Charging with Molten Pig Iron 

(Courtesy of Thomas Broadbent and Sons, Ltd.. Huddersfield ) 









Plate VI11 

Iodine from C hilean Nitrate Mother Liquor 

iCourte *y * "Urate Agricultural Service. London) 
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When ferric sulphate is heated strongly it decomposes yielding ferric oxide 
and sulphur trioxide, not the oxide, sulphur dioxide and oxygen as produced 
when aluminium sulphate is heated. 

Fe 2 (S0 4 ) 3 = Fe 2 0 3 -1- 3S0 3 t 

Ferric sulphate forms alums with the sulphates of the alkali metals, the 
most important being ferric alum , Fe 2 (S0 4 ) 3 . (NH 4 ) 2 S0 4 .24H 2 0. Ferric 
alum is employed in the laboratory for the purpose of preparing standard 
solutions of the ferric ion since it is practically the only ferric salt capable 
of purification by crystallization. It is pale violet in colour. 

Cyanogen Compounds of Iron 

Potassium Ferrocyanide, K 4 [Fe(CN) G ] (Yellow Prussiate of Potash). This 
compound is prepared in two ways— 

(a) From nitrogenous refuse. Nitrogenous animal waste (such as horns, 
hoofs and hides) is heated with potassium carbonate and scrap iron; the 
potassium ferrocyanide is extracted with water. This method is now 
largely obsolete. 

(b) From spent oxide. A large proportion of the volatile nitrogen in 
coal is liberated during coal gas manufacture, as hydrogen cyanide, HCN. 
This reacts with the oxide in the oxide purifiers to form ferrous and ferric 
cyanides, Fe(CN) 2 and Fe(CN) 3 . These, in turn react with one another 
to form ferric ferrocyanide, Fe.,[Fe(CN) G ] 3 or Prussian blue. 

The “spent oxide” containing this complex ferrocyanide is boiled with 
lime, soluble calcium ferrocyanide being leached from the residual mass. 
This calcium ferrocyanide is converted into the corresponding sodium or 
potassium salts by treatment with either sodium carbonate or with 
potassium carbonate. 

Potassium ferrocyanide is one of the most stable of complex salts, in 
aqueous solution dissociation occurs thus— 

K 4 [Fe(CN) 6 ] ^ 4KT + [Fe(CN) 6 ]"" 

When heated with dilute sulphuric acid hydrogen cyanide is evolved— 

2K 4 [Fe(CN) G ] + 3H 2 S0 4 = 3K 2 S0 4 + K 2 Fe[Fe(CN) 6 ] + 6HCN f 

potassium ferrous 
ferrocyanide 

If heated with concentrated sulphuric acid, carbon monoxide is liberated— 
K 4 [Fe(CN) G ] + 6H 2 S0 4 + 6H 2 0 = 

2K 2 S0 4 + FeSO., + 3(NH 4 ) 2 S0 4 + 6CO t 

With ferrous salts, potassium ferrocyanide gives a precipitate of white 
potassium ferrous ferrocyanide K 2 Fe[Fe(CN) G ] which rapidly turns blue 
owing to oxidation to potassium ferric ferrocyanide KFe[Fe(CN) G ]. With 
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a ferric salt a precipitate of potassium ferric ferrocyanide is obtained 
direct; this deep blue coloured compound is known as Prussian Blue . A 
similar compound is obtained when solutions of sodium or ammonium 
ferrocyanide are added to a solution of a ferric salt. Thus, the general 
formula for Prussian blue may be written as RFe[Fe(CN) 6 ], where R = K, 
Na or NH 4 . 

Potassium Ferricyanide, K 3 [Fe(CN) 6 ] {Red Prussiate of Potash). Potas¬ 
sium ferricyanide is obtained by the action of chlorine upon potassium 
ferrocyanide— 

2K 4 [Fe(CN) 6 ] + Cl 2 = 2KC1 + 2K 3 [Fe(CN) 6 ] 

Potassium ferricyanide occurs as a red coloured crystalline substance 
containing three molecules of water of crystallization. 

It is less stable than the corresponding ferrocyanide, and therefore func¬ 
tions as a mild oxidizing agent in alkaline solutions. It is somewhat 
unstable in light, forming the ferrocyanide; it is therefore usual to wash 
crystals of the ferricyanide with water in order to remove the coating of 
ferrocyanide when it is desired to prepare a solution of potassium ferri¬ 
cyanide. 

Potassium ferricyanide reacts with ferrous ions to give a dark blue 
precipitate known as Turnbulls blue ; its constitution is KFe[Fe(Cn) 6 ] 
and this appears to be similar, if not identical, with Prussian blue. With 
ferric salts, potassium ferricyanide gives no precipitate in neutral solutions 
but the solution is usually coloured green or blue. 

NICKEL 

Occurrence. More than 85 per cent of the world’s supply of nickel is 
obtained from the nickeliferous pyrrhotite deposits mined in the Sudbury 
district of Ontario, Canada. In these deposits the nickel is frequently 
present as the mineral pentlandite , (Ni,Fe)S; the nickel content of these 
ores rarely exceeds 5 per cent, in fact a content of 1-2 per cent nickel is 
very common. In association with the nickel there is copper present to 
an extent of approximately 2*5 per cent. These ores also yield platinum 
and the platinum metals as by-products. 

Similar deposits to those of Sudbury, but not so extensive, occur near 
Petsamo in Finland. Nickel ores are also mined in New Caledonia in the 
South Pacific, these deposits are composed of a complex hydrated nickeli¬ 
ferous magnesium silicate known as garnierite. 

Extraction. Only the extraction of nickel from the Sudbury deposits 

will be described here. 

The ore is first crushed and then concentrated by the froth-flotation 
process. This concentrate is fed into multiple-deck roasters in whic 
much of the sulphur is removed. The roasted material at a temperature 
just below its melting point is fed into reverberatory furnaces where it is 
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smelted with a flux; here more sulphur is removed and a matte produced 
consisting of the sulphides of nickel, copper and iron along with the pre¬ 
cious metals and some lead. This matte is then blown in basic-lined 
Bessemer converters where more sulphur is burned off and the iron 
present in the matte oxidized to ferrous oxide which is slagged off as 
silicate slag by the aid of silica sand as a flux; this Bessemer matte contains 
about 46 per cent nickel, 35 per cent copper, 15 per cent sulphur and 
0-8 per cent iron, along with the precious metals. If the precious metal 
content is low the Bessemer matte is often converted into the copper- 

nickel alloy known as Monel metal. 

A large proportion of the matte rich in the precious metals is refined 
by the Mond process at Clydach, South Wales and with the object of 
reducing freight and handling costs it is usual to subject the Bessemer 
matte to a further refining process—the Orford process—before shipping 
to South Wales for refining by the Mond process. The Orford process 
depends principally upon the fact that copper sulphide combines with 
alkali metal sulphides on heating to form a double sulphide, whereas 
nickel sulphide remains unaffected. Thus, the Bessemer matte is heated 
in a cupo a with nitre cake (sodium sulphate) and coke when the double 
sulphide of copper and sodium is formed and the nickel sulphide left 
unaffected. When this product is tapped into large pots the material 
separates into two layers, the lighter, upper layer, called “tops" of the 
double sulphide of copper and sodium, whilst the lower layer, called 
"bottoms" is of nickel sulphide. The separation of nickel and copper is 
still incomplete after one fusion so the process is repeated when a second 
"bottoms" with about T5 per cent copper and 72 per cent nickel results; 
this last product, "second bottoms" is then calcined to remove a portion of 
the sulphur and is then shipped to Clydach, South Wales for treatment 
by the Mond process. 

In the Mond process the product from the Orford process is ground and 
then calcined to reduce the sulphur content still further and the solid 
residue treated in reduction towers where it meets an upward stream of 
water gas at a temperature of about 350 C. The reduced nickel thus 
obtained is next treated with producer gas rich in carbon monoxide, at a 
temperature of 50°-60 c C, whereby the nickel is converted into the volatile 
nickel carbonyl , Ni(CO).,, which passes out of the volatilizer mixed with 
producer gas. This gaseous mixture is then led into decomposing towers 
which are heated internally to a temperature of approximately 180“C, 
at which nickel carbonyl suflers decomposition into metallic nickel and 
carbon monoxide. 

Ni + 4CO Ni(CO) 4 

The nickel is deposited from the decomposing nickel carbonyl upon nickel 
shot. When the nickel shot have increased sufficiently in size the larger 
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ones are separated from the smaller particles by screening, the smaller 
particles being returned to the top of the decomposing tower to have more 
nickel deposited upon them. The nickel obtained by the Mond process 
has a purity of approximately 99*8 per cent. 

The non-volatile residues from the volatilizers contains all the platinum 
metals, gold and silver along with small quantities of selenium and tellurium. 
This source provides the world’s largest supply of the platinum metals. 

Physical Properties of Nickel 

(a) Nickel is a silvery-white metal, capable of taking a high polish. 

( b ) The metal is malleable, ductile and hard. 

(c) Nickel, like iron, can be magnetized although not to the same 
degree. It has a magnetic transformation point at approximately 320°C. 

(d) Nickel has a high melting point (1455°C). 

( e ) The metal has a high density, 8*69 in the cast state, and 8-87 for 
rolled metal. 

Chemical Properties of Nickel 

( a ) Nickel tarnishes slowly in the air at atmospheric temperature, 
although when in a finely divided form it is readily oxidized, becoming 
red hot in the process; the product is nickelous oxide, NiO. 

( b ) Nickel is unaffected by water, but decomposes steam at red heat. 

(c) Dilute hydrochloric acid and dilute sulphuric acid act only slowly 
upon nickel forming the chloride and sulphate respectively. Dilute nitric 
acid, however, readily attacks the metal, whilst concentrated nitric acid 
passivates nickel. 

(d) Nickel is very resistant to attack by alkalis. 

(e) Nickel (and its compounds) exhibit strong catalytic activity in many 
types of reactions, for example the hydrogenation of oils. 

Uses of Nickel. Nickel is marketed in a variety of forms, these are 
(a) grains or powder reduced from nickel oxide at low temperature without 
fusion occurring; (b) nickel shot produced by the Mond process, (c) 
electrolytic nickel; (d) nickel blocks or shot produced by the reduction of 
nickel oxide above the melting-point of nickel and then granulating the 
nickel by pouring the metal into water; and ( e ) malleable nickel produced 
as detailed under ( d) except that the material is treated with a deoxidizing 

agent such as magnesium. , 

Malleable nickel is fashioned into various forms such as sheet, rod ana 
wire and used for the manufacture of such items of laboratory ware as 
tongs, crucibles, spatulas, etc., for the electrodes of radio valves, chemica 
plant, cooking utensils, dairy and food-handling equipment, W 0 ™*" 
sheaths, and for the anodes of such batteries as the Edison type. Ma ea 
nickel is also used for the production of coins. Nickel is employed in tn 
electrodeposited form as an undercoat for chromium. 
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Finely-divided nickel is employed as a catalyst, in the hydrogenation 
or hardening of fats and oils used in the manufacture of soap and food 
products; for the manufacture of hydrogen from natural gas or waste 
gases from petroleum refining or cracking processes; for the removal of 
organic sulphur and carbon monoxide from town gas; and for the manu¬ 
facture of acetic acid from acetylene, and methane from carbon monoxide 
and hydrogen. 

Nickel is a constituent of many types of alloys, both ferrous and non- 
ferrous. In ferrous alloys nickel is used in the production of the high- 
strength nickel and the nickel-chromium steels containing 1-5 per cent 
nickel; the stainless steels contain nickel in contents varying from 
8-25 per cent. An iron-nickel alloy containing approximately 35 per cent 
nickel is known as Invar \ this alloy exhibits an extremely small coefficient 
of thermal expansion and therefore finds application for the manufacture 
of parts of surveying instruments, measuring instruments, pendulums for 
clocks, and certain components in accurate chronometers, etc. Nickel-clad 
steel is of fairly recent introduction and consists of steel sheathed with 
nickel; this composite material has all the advantages of high corrosion- 
resistant nickel but with the strength of steel. 

Of the non-ferrous alloys one of the most important is Monel metal , 
an alloy containing approximately 70 per cent nickel and 30 per cent 
copper; this material exhibits a high resistance to corrosion along with 
high strength, high resistance to shock and good malleability and ductility. 
Constantan is another copper-nickel alloy (40 per cent Ni: 60 per cent 
Cu), this alloy is employed for the fabrication of thermocouples and 
electrical resistances. The nickel silvers are essentially copper-zinc alloys 
or brasses containing nickel in amounts varying from 10—25 per cent; 
these alloys are characterized by their whiteness and excellent resistance 
to corrosion; they form the basis of silver-plated tableware (E.P.N.S. 
electroplated nickel silver). Nickel forms an important alloy with chromium 
—80 per cent nickel and 20 per cent chromium—known as Nichrome ; this 
alloy is used extensively for the fabrication of electrical resistances. Nickel 
is often present in tin bronzes with the object of enhancing the resistance 
to corrosion, or of modifying the colour when these alloys are employed 
for architectural purposes. 


Compounds of Nickel 

Oxides and Hydroxides. Nickel forms two oxides, nickelous oxide , NiO 
and nickelic oxide , Ni 2 O a , and possibly other oxides exist. Nickelous 
oxide is formed by the ignition of the finely-divided metal in the air, or 
by heating the hydroxide or the carbonate; the anhydrous oxide is green 
in colour, but changes to a yellow colour when heated; it is a basic oxide 
which reacts with acids to form nickelous salts. 
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Nickelic Oxide, is a black oxide obtained by gently heating nickelous 
nitrate; the application of strong heating yields nickelous oxide. 

Nickelous Hydroxide, Ni(OH) 2 , is obtained as pale green precipitate 
when the aqueous solution of a nickelous salt is treated with an alkali. 
This hydroxide is insoluble in excess of sodium or potassium hydroxide 
solution but reacts with excess ammonium hydroxide, as also does copper 
hydroxide, to form a soluble blue complex, [Ni(NH 3 ) 4 ] (OH) 2 . 

Salts. Nickel only forms one series of stable salts, the nickelous salts. 
These salts are formed when the metal or the hydroxide is dissolved in an 
acid. The hydrated salts are green in colour, and form green coloured 
solutions, but the anhydrous salts are in most cases yellow in colour. Many 
of the anhydrous salts are capable of absorbing ammonia to form violet 
coloured additive compounds. 

Nickel Sulphate, as obtained by crystallization from aqueous solutions, 
has the composition NiS0 4 .7H 2 0; it occurs in the form of green coloured 
rhombic crystals which are isomorphous with the sulphates of zinc, 
iron and magnesium. The anhydrous salt is obtained when the hydrate 
is heated strongly. Nickel sulphate forms a green coloured double 
sulphate with ammonium sulphate, namely nickel ammonium sulphate 
NiS0 4 . (NH 4 ) 2 S0 4 .6H 2 0 which is isomorphous with ferrous ammonium 
sulphate. Nickel nitrate is prepared by the action of dilute nitric acid upon 
metallic nickel, and on evaporation of the resulting solution green mono¬ 
clinic crystals of the hexahydrate (Ni(N0 3 ) 2 .6H z O separate out. 

Hydrated Nickel Chloride is obtained in the form of green crystals 
of NiCl 2 .6H 2 0 on evaporating a solution of nickel or nickel oxide in 
hydrochloric acid. The anhydrous chloride is obtained either by dehydra¬ 
tion of the hexahydrate in a stream of hydrogen chloride, or alternatively 
by the direct action of chlorine upon finely-divided nickel. The anhydrous 
chloride is a yellow solid. 

Nickel Carbonate, NiC0 3 , is obtained as a pale green precipitate when 
a solution of sodium bicarbonate is added to the aqueous solution of a 
nickelous salt; the addition of sodium carbonate yields a basic nickel 
carbonate. 

Nickel Sulphide, NiS, is formed as a black precipitate when an alkaline 
sulphide is added to the aqueous solution of a nickelous salt. In the freshly 
precipitated form nickelous sulphide is soluble in acids, but on standing, 
or alternatively on boiling with water the precipitated sulphide is converted 
into an insoluble form which is insoluble in acids; in this respect nickel 
sulphide is similar to cobalt sulphide. 

Nickelous Cyanide, Ni(CN) 2 , is formed as a pale green precipitate 
when potassium cyanide solution is added to the aqueous solution of 
a nickelous salt, thus— 


NiS0 4 + 2KCN = Ni(CN) 2 I + K 2 S0 4 
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The addition of excess potassium cyanide solution results in the formation 
of soluble potassium nickelo-cyanide, as follows— 

Ni(CN) 2 + 2KCN = K 2 [Ni(CN) 4 ] 

potassium 

nickelo-cyanide 

A similar reaction occurs when excess potassium cyanide is added to an 
aqueous solution of a cobalt salt, potassium cobalto-cyanide, K,[Co(CN) 6 ] 
being formed. On boiling, or alternatively on addition of an oxidizing 
agent such as sodium hypochlorite or sodium hypobromite, potassium 
cobalto-cyanide is oxidized to potassium cobalti-cyanide, KJColCN),,] 
whereas on boiling or on the addition of an oxidizing agent to potas¬ 
sium nickelo-cyanide, a black precipitate of hydrated nickel dioxide, NiO, 
is obtained. These reactions are sometimes employed as a means of 
identifying nickel in the presence of cobalt. 


CUUALI 


Occurrence. Practically the whole of the world’s supply of cobalt is 

obtained as a by-product from complex ores which are mined primarily 

for the other metals (e.g. copper and silver) which they contain. In these 

complex ores, cobalt is present as sulphide, arsenide and sulpharsenide as 

the minerals Unnaeite, Co 3 S 4 , smaltite, CoAs 2 and cobaltite, CoAsS At 

present, the chief sources of cobalt are the cobalt-bearing copper ores in 

the Katanga district of Belgian Congo where the deposits carry 2^1 per 

cent cobalt, and Northern Rhodesia where the ores carry an average of 
about 0-5 per cent cobalt. b 

Extraction of Cobalt. Treatment of the ore in the blast furnace brings 
the cobalt into the slag which, after reduction in an electric furnace, forms 
an iron-copper-cobalt alloy containing about 40 per cent cobalt. This 
material is dissolved in hydrochloric acid and the cobalt precipitated as 

coher^H h tlC !f ld ? by meanS ° f bIeachin g powder. The oxide is 
collected, dried, and reduced by heating in a current of hydrogen. 

Co 2 0 3 + 3H 2 = 2Co + 3H 2 0 

A very pure form of the metal may be prepared by heating cobalt 

oxalate at high temperatures. Cobalt of the highest purity is prepared by 

the thermal decomposition of cobalt carbonyl, or by electrodeposition 
from a solution of cobaltous sulphate. ^ ^ 

Physical Properties of Cobalt 

(a) Cobalt is a brilliant, bluish-white metal. 

(2900°C) eXhibitS a high mehing P ° int (1490 ° C > and a high boiling point 
(c) It is a heavy metal, density 8-9. 

(cJ) Cobalt is a polymorphic metal, being of a hexagonal close-packed 
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structure up to 420°C, and face-centred cubic from 420° up to the melting 
point. ° 

(c) Cobalt is the most magnetic metal known after iron, retaining its 
magnetism up to 1115°C. 

i f) It is a hard, strong metal, electrodeposited cobalt being considerably 
harder than the annealed material. 

Chemical Properties of Cobalt 

(a) Cobalt is stable in air at ordinary temperatures, but if heated it 
burns to cobalto-cobaltic oxide, Co 3 0 4 . 

(b) At red heat it will decompose steam. 

(c) When finely divided, it ignites spontaneously in an atmosphere of 
the oxides of nitrogen. 

(d) At 470°C, cobalt reacts with ammonia to form cobalt nitride, 
Co 4 N 2 , which decomposes at 600°C. 

(c) At a pressure of 100 atmospheres, finely divided cobalt reacts with 
carbon monoxide at a temperature of approximately 200 3 C, forming 
orange-red crystals of cobalt carbonyl, Co 2 (CO) 8 . In the formation of its 
carbonyl, cobalt differs from nickel in that nickel carbonyl is formed at 
atmospheric pressure and at a lower temperature. 

(f) Cobalt reacts with the halogens to form the corresponding cobalt 
halides. 

(g) Cobalt is attacked by dilute mineral acids, forming cobaltous salts. 
Concentrated nitric acid renders the metal passive owing to the formation 
of a skin of cobalto-cobaltic oxide. 

(//) Cobalt is not attacked by alkalis. 

Uses of Cobalt. Cobalt is chiefly employed in the production of alloys, 
its use in this connexion being chiefly due to the following characteristics— 

(a) the imparting of a high “red-hardness” (i.e. hardness at red heat), 

( b ) increased wear resistance, and (c) the ability of cobalt to confer 
magnetic characteristics on the alloy. 

Some of the chief alloys of cobalt are as follows. 

The Stellites ; cast carbides consisting of tungsten and chromium 
carbides set in a ground-mass of chromium and cobalt. These alloys are 
used for cutting tools and for use as valve seatings for aero engines. 

Magnetic materials ; 

(i a ) Cobalt steel: 0-8 per cent C; 9 per cent Cr; 13 per cent Co, 
Balance = Fe. 

(b) Alnico: 10 per cent Co; 20 per cent Ni; 10 per cent Al; Bal¬ 
ance = Fe. 

High-speed steels; 0-68-0-85 per cent C; 20 per cent W; 1-5-2 per cent 
V; 5-18 per cent Co; Balance = Fe. 
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Cobalt is co-deposited along with nickel in certain types of “bright’* 
nickel electrodeposits. 

Compounds of Cobalt 

Oxides. There are three principal oxides of cobalt, analogous to the 

oxides of iron. Coboltous oxide , CoO, is a greenish-grey powder formed 

by heating cobaltous hydroxide, carbonate or nitrate to a temperature of 

1000 C, in the absence of air. It is stable in air at atmospheric temperature, 

but when heated to 600-700 C, it reacts with oxygen forming Co 3 0 4 . 

C obciltic oxide , Co 2 O a , is produced when cobaltous nitrate or carbonate 
are heated in air— 

4Co(N0 3 ) 2 = 2Co 2 0 ; , + 8NO, t + 0 2 f 

Cobaltic oxide is a brown powder which when heated between 373° and 

700 C, is converted into a black powder, cobaho-cobaltie oxide , Co 3 0 4 . 

Salts. Cobaltous and cobaltic oxides give rise to two series of cobalt 

salts, the cobaltous salts and cobaltic salts respectively. The latter however 

are only stable when they exist in the form of complex salts. Thus, solution 

ot any of the three oxides in acids results in the formation of the correspond¬ 
ing cobaltous salt. 


CoO + 2HC1 = CoCl 2 + H 2 0 
Co 2 0 3 + 6HCI = 2CoC1 2 + 3H 2 0 + C \ 2 f 
Co 3 0 4 + 8HC1 = 3 CoC 1 2 -f 4H 2 0 + Cl 2 f 

The cobaltous salts are therefore the ordinary salts of cobalt; they are 
pink when hydrated or in solution, and blue when anhydrous. 

Cobaltous Chloride, CoCl 2 , is prepared in the anhydrous state by heating 
metallic cobalt in chlorine, and occurs in the form of blue scales. The 
hydrated salt, CoCl 2 .6H 2 0 is formed by the action of dilute hydrochloric 
acid on the metal, one of its oxides, carbonate or hydroxide. The hydrated 
saIt is pink in colour and in solution, the solution probably containing the 
ca ton, [Co 6H 2 0] ~. The pink coloured solutions become blue in 
° U ‘ on , addln S hydrochloric acid, calcium chloride, or potassium 

dilndon’ W fh* St t lC addlt, ° n ° f mercuric chloride or zinc chloride, or 
nm ! l °n. with water causes the colour to change from blue to pink. This 

blue anion [f„n r “h' U [ HaS b ° Cn at,nbutcd to the formation of the 
chloride and » 4 ’, and th ® P roductlon of a pmk colour with mercuric 

me d b u 6 C °u ° Ur Wlth calcium chloride is interpreted as indicating 

cation'l" WhlCH merCUry f ° rmS a COm P ,ex an ‘ on and calcium f 

Co—[HgClJ" Ca ++ [CoCl 4 ]" 

fn°L U ^° nS ?u cobaltous chloride find application as so-called “invisible” 

“f:“ DCe B hC T y pale pink colour of thc solution is practically invisible 
s when the paper is dried (by warming) the anhydrous (blue) salt 

,S f ° rmed Whlch 1S dearly visible; o'n coolingTo atmospheric tempStS 
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the anhydrous salt reabsorbs moisture from the atmosphere and hence 
is converted into the hexahydrate again. ^ 

Cobaltous Nitrate, Co(N0 3 ) 2 , is obtained in the form of the red hexa- 

hydrate by the action of nitric acid upon the metal, one of its oxides or 
the carbonate. 


Cobaltous Sulphate, crystallizes with seven molecules of water of 
crystallization and is isomorphous with FeS0 4 .7H a O and NiS0 4 .7H,0; 
it iorms a double salt with ammonium sulphate, CoS0 4 . (NHA,SC> 4 .6H 2 0, 
which is analogous to ferrous ammonium sulphate. 

Cobaltous Carbonate, C 0 CO 3 , is obtained by the action of sodium 
bicarbonate solution saturated with carbon dioxide on the solution of a 
cobaltous salt. If this reaction is carried out at a temperature of approxi¬ 
mately 140 C, the anhydrous carbonate results; at room temperature 
the hexahydrate is formed instead. 

Although the simple cobaltic salts are unstable under normal conditions, 
there are a number of complex salts which are formed from the cobaltic 
ion. Thus, there are the cobalt alums of which one of the most important 
is the bright blue ammonium cobalt alum, , (NH 4 ) 2 S0 4 . Co 2 (S0 4 ) 3 . 24H z O 
which is isomorphous with the other alums. In a similar manner the 
cobalti- and the cobalto-cyanides are comparable with the ferri- and the 
ferrocyanides. The addition of potassium cyanide solution to the solution 
of a cobaltous salt results in the formation of a precipitate of the pinkish- 
brown cobaltous cyanide which reacts with excess potassium cyanide to 
form a brown coloured solution containing the cobaltocyanide ion — 

(a) Co++ + 2(CN)' = Co(CN ) 2 j 

(b) Co(CN ) 2 + 4(CN)' = [Co(CN) c ] ,,,/ 


Cobaltocyanides are readily oxidized, either by the halogens, or by boiling 
in air, to the cobalticyanides. 

4K 4 [Co(CN) 6 ] + 2H 2 0 + 0 2 = 4K 3 [Co(CN) 6 ] + 4KOH 

from 

the air 

The complex compounds, sodium and potassium cobaltinitrites are of 
importance in chemical analysis. If sodium nitrite is added to a solution 
of a cobaltous salt acidified with acetic acid there is formed sodium 
cobaltinitrate. The formula for this compound is Na 3 [Co(N0 2 ) 6 and it 
is to be noted that it does not exhibit the usual reactions either for cobalt 
or for the nitrite radical; in fact it behaves as a sodium salt and reacts 
with aqueous solutions of potassium salts to form a yellow precipitate 
of potassium cobaltinitrite, K 3 [Co(N0 2 ) 6 ]. Sodium cobaltinitrite therefore 
finds application in chemical analysis as a reagent for detecting the presence 
of potassium. These compounds are typical co-ordination compounds. 
Other examples of such compounds are the cobaltammines formed by the 
oxidation of solutions of cobaltous salts with excess ammonia. 
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CHAPTER 27 


INTRODUCTION TO ORGANIC CHEMISTRY 

The term “Organic Chemistry” nowadays refers specifically to the chemistry 
of the compounds of carbon. These compounds may be of “organic’’ 
(or natural) origin in association with living matter, or they may be com¬ 
pounds which have been synthesized or otherwise prepared in the labora- 

lory. If they contain carbon as an essential constituent of the molecule 
then they are classed as organic compounds. 

This modem conception of organic chemistry is a very much broader 
one than was formerly understood by the term. It was for a long time 
accepted as an unalterable fact of nature that naturally-occurring com¬ 
pounds, of which sugar, fats, plant pigments, vegetable oils, may be 
quoted as examples, all owed their existence to their association with 
lving matter. Some living or “vital” force was considered necessary for 
heir formation, and so widely and generally accepted were these views 
at it was considered futile even to attempt to produce such substances 
by the usual chemical reactions of the laboratory. This “vitalistic theory” 
° rga , mc , ch emistry however is now only of historical important, 
?nv h !. U8 V ^ ln holdin g U P for a considerable time the systematic 
estimafed ° f ** ChemiStr >' of these compounds should not be under- 

In 1828, Wohler inaugurated the modern conception of organic 
chemistry as the chemistry of the carbon compounds and opened the 6 way 

bv nSnT° rm ° US , dev . el °P ments w hich have been made in the last century^ 
uref On he!. 1 " laborator y a recognized organic compound, namely 
frnnn h 8 amm ° 1 n,UIT1 cyanate, a compound which may be prepared 
from morgan.c materials, he succeeded in preparing and isolating urea 
which is an excretion of certain animal organisms. 8 

NH 4 CNO -> CO(NH,).. 


ammonium 

cyanaie 


urea 


Nowadays, urea is made on a large scale (principally for use as an 
3 k m 3 e “factum of certain plashes) by heating ammonia 

,°I ea " 1C compounds from purely inorganic materials soon Sowed 
"bo„.o W “ ° pe “‘‘ for ,te *“)’ »f -same compounds 

The distinction between organic chemistry and inorganic chemistry 

851 
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as two more or less separate branches of chemistry is retained for 
the very good reason that the number of carbon compounds is so large 
as to be apparently unlimited. To-day, well over a quarter of a million 
compounds of carbon are known, and many more are being discovered 
and isolated every year. No other element can compare with carbon 
in this respect. So complex indeed is the field of organic chemistry that 
many chemists nowadays tend to specialize in its study and to call 
themselves “organic chemists.” 

The unique behaviour of carbon in forming such a large number of 
compounds may be traced to two particular properties— 

(a) The valency of carbon is four, the four valency bonds being 
covalent and having a spacial, tetrahedral arrangement— 



(b ) The carbon atoms are able to link up together, apparently without 
limit save that the valency bond requirements must be satisfied, to form 
stable compounds. 

Of these two properties, the first is not unique; elements such as silicon, 
tin and lead also have a normal valency of four, but, with the possible 
exception of silicon, these elements do not possess the second property. 
The importance of this second property appears more significant if one 
considers the hydrogen compounds of oxygen, namely, water with the 
structure H—O—H and hydrogen peroxide with the structure 
H—O—O—H. Clearly the linkage of oxygen to oxygen so decreases the 
stability of the molecule that a possible third compound in the series 
with the structure H—O—O—O—H does not exist. With carbon such 
a decrease in the stability does not occur, and complex molecules, having a 
long chain, a branched chain, or even rings of carbon atoms, together 
with various combinations of these, can and do exist. If we consider the 
hydrocarbons, that is, compounds containing only carbon and hydrogen, 
examples of such complex molecules might include— 

HHHHHHHH 

i i I i i I I i 

Octane H—C—C—C—C—C—C—C—C—H 
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Iso-pentane 


H H H H 


H—C—C—C—C—H 


H H 


H 


H—C—H 


H 


Ethyl benzene 


H 

I 

C 



H H 


H—C—C—C CH 


H H CH CH 

\/ 

C 


H 


H H 


Naphthalene 



HC C CH 


HC C CH 

\/\X 

c c 

I I 

H H 
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Ethyl alcohol and propyl alcohol have the structures. 


H H 
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H H H 

. I I I 

and H—C—C—C—O—H 

H H H 

respectively. It will be observed that in each case the molecule may be 
regarded as composed of— (a) the carbon or hydrocarbon portion, and 
(b) the O—H portion. Variation in the hydrocarbon chain, involving an 
increase or decrease in the number of carbon atoms, does not appreciably 
modify the alcoholic properties imparted to the molecule by the hydroxyl 
group, but if this latter group be changed for any other univalent group, 
such as the amino-group, NH 2 , then a very profound change in properties 
results. We thus recognize for the purpose of classifying and systematizing 
the study of organic chemistry, the need in the first place to study the 
possible arrangements of the carbon atoms in the hydrocarbon portion of 
the molecule, and then to study the properties imparted by the substituent 
groups (—OH, —NH 2 , —CHO, etc.) to these hydrocarbons. 

The hydrocarbons may be divided into two main classes— 

The aliphatic (or chain ) compounds, and the aromatic (or ring) com¬ 
pounds, as exemplified by— 


Aliphatic compounds 

H 

l 

Paraffins H—C—H 

I 

H 

methane 


H H 

I I 

H—C—C—H 

I I 

H H 

ethane 


H H H 

I I I 

H—C—C—C—H, etc. 

I I I 

H H H 

propane 


Ethylenes 



ethylene 


H 

I 

H—C—C=C 

I I 

H H 

propylene 


H 


H 


Acetylenes 


H—C=C—H 

acetylene 


H 

I 

H—C—C=C—H 

I 

H 

propine 
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Aromatic compounds 


H 



H— C 

C- 

-H 

1 

II 


H—C 

c- 

-H 

V 

v/ 

* 



H 

benzene 


H H 

x c \/ c \ 

H—C C C—H 

! II I 

H—C C C—H 

\ C /\ C ^ 

I I 

H H 

naphthalene 


The names aliphatic and aromatic were suggested, on the one hand by the 
occurrence of the chain hydrocarbon structure in natural fats, and on the 
other by the aromatic odour associated with most of the ring compounds. 

When one or more of the hydrogen atoms of these hydrocarbons are 
replaced by other elements or groups of elements (known as substituent 
groups), the resulting compounds have properties which are identified 
with and determined by the particular substituent group. Thus, replace¬ 
ment of a hydrogen atom by— 

The OH, hydroxyl, group produces the alcohols. 

Th e CHO, aldehyde, group produces the aldehydes. 

The COOH, carboxyl, group produces the organic acids, and so on. 

The study of organic chemistry thus begins properly with the study of 

the hydrocarbons and follows with the investigation of the substitution 
compounds. 

Homologous Series. The series of compounds having the formulae 

CHj, C 2 H 6 , C 3 H 8 , C 4 H 10 , C 5 H 12 , etc. is said to constitute an homologous 

series. When the compounds are arranged in this way in order of increasing 

molecular complexity it is seen that each compound differs from the 

preceding compound in having one extra carbon and two extra hydrogens, 

that is, in having an additional CH 2 group. Another such series would 

e, H 3 OH, C 2 H 5 OH, CjH-OH, C 4 H 9 OH, C 5 H n OH, etc. Each such 

homologous series has its own characteristic chemical and physical 

properties, properties which are shared by each member of the series. 

Ascent of the series, that is, in the direction of increasing molecular weight, 

is accompanied by small progressive changes in the physical properties; 

thus the boiling-points and melting-points gradually increase, whilst the 

solubility decreases. The chemical properties however change much less 
markedly. & 

If the chemistry of the simpler members of each homologous series is 
well understood, that of the more complex members of the same series may 
usually easily be deduced. The study of organic chemistry, in its second 

28 (T.447) 
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phase, thus resolves itself into the study of the simpler compounds of 
each possible homologous series, a procedure which enormously reduces 
the complexity of the subject. Of the 250,000 organic compounds known 
to exist, the average organic chemist may be familiar only with several 
hundred of them, the simpler members of each series. This limited 
knowledge coupled with the further knowledge of how these compounds 
may be prepared and used to prepare other compounds, provides him with 
the material for a working knowledge of them all. 

Structural Formulae. Structural formulae, as the name implies, reveals 
the way in which the various atoms arrange themselves to form the 
molecule of the organic compound. Thus ethyl alcohol with a molecular 
formula of C 2 H g O has the structural formula 

H H 

I I 

H—C—C—O—H 

I I 

H H 


This method of picturing the molecule shows, for example, that one of 
the hydrogen atoms is linked to oxygen and so will probably have different 
properties from those of the other five which are linked to carbon atoms. 
This method of depicting organic compounds by their structural formulae, 
as opposed to their molecular formulae, satisfies the need of the chemist 
to see at a glance the arrangement of the carbon atoms and the position 
taken up in the molecule by the substituent group(s). In particular it 
explains the existence of numerous compounds which have the same 
molecular formula but which possess quite different properties. Thus, 
the molecular formula C 3 H 6 0 2 may refer to— 


H H 


H—C—C—C 


S 


o 


O—H 


H H 

propionic acid 


H 


1 

H— C- 

O 

i 

H 

1 

*0 H H 
H-Cf | | 

1 

x o- 

-C—H 

x O—C—C— H 

H 


1 

1 1 



H 

H H 


methyl acetate ethyl formate 


When no ambiguity arises, these structural formulae may be abbreviated 
to C 2 H 5 . COOH, CH 3 . COOCH 3 , and H . COOC 2 H 5 respectively. This 
phenomenon in which one molecular formula may represent two or more 
different compounds is known as isomerism, a fuller discussion of which 
is deferred until later in the text. 

Two facts should be appreciated by the student before attempting to 

write structural formulae. These are— 

{a) The four valency bonds from each carbon atom have a regular 
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spacial (tetrahedral) arrangement. It is not however always convenient to 
observe this fact when writing formulae, and the convention has grown up 
whereby the valency bonds from each carbon atom are depicted as square 

planar, thus C rather than tetrahedral, thus C . This convention 

is however only one of convenience; it should not be interpreted as 

implying that the four valency bonds from each carbon atom are actually 
planar. J 

(b) The rules of valency must always be strictly observed when writing 
structural formulae. Each of the four carbon valency bonds must always 
be directly involved in the resulting structural formula of the molecule and 
the valency requirements of the other atoms in the molecule must also be 
satisfied. Thus the compound C 2 H 4 0 has the structure 


H 




O 


H—C—C 


H 

acetaldehyde 


but not 


H 


H 

I l 

H—C—C—O—H 

H 


since one of the two carbon atoms would have two free valency bonds. 

* j m remains to be discussed one 

important distinction between organic and inorganic chemistry before 

tl-ns introductory chapter to organic chemistry can be considered complete. 

Most of the reactions of organic chemistry occur relatively slowly, whereas 

most inorganic reactions occur immediately on mixing the appropriate 

solutions. In organic chemistry it is usually necessary to heat the reacting 

substances together for some time before any appreciable reaction occurs 

1 he reason for this reluctance of most organic compounds to react 

instantaneously is to be found in the nature of the valency bonds involved 
in their molecular structure. 

Two principal types of valency bond have been described (see p. 68 ) 
i.e. electrovalency and covalency. Inorganic compounds are usually either 

hlfth OVa ° r b °' h electrovalent an d covalent; thus sodium sulphate 
has the structure 1 

O 


2Na + 


o^s->o 


o 


N ° + St and Vso r i a - ti0n H in T rganic chemistr y occur between ions, e.g. 
and (S0 4 ) , and so do not involve any cleavage of the covalent 
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portion of the molecule. Such reactions in general occur instantaneously 
since the ions are already present as such in the aqueous solutions. In 
most organic reactions, no ionization of the reacting molecules occurs 
since they are entirely covalent. Before any appreciable reaction can occur 
with such compounds, some dissociation or splitting up of the molecule 
must occur. Increasing the temperature of the reaction has the effect of 
increasing the energy of the molecules, a portion of this increased energy 
being absorbed by increased energy of vibration of the atoms relatively 
to each other in the molecule. This increased vibrational energy eventually 
leads to some dissociation of the molecule at its weakest linkage, and the 
two portions of the molecule so produced, known as free radicals , may 
then react with the other compound present. Since the proportion of 
molecules so tending to dissociate increases with temperature, further 
increase in temperature should produce a further increase in the rate of 
the reaction. Most organic reactions consequently only occur on prolonged 
heating, and are often carried out at the maximum possible temperature 
determined by the boiling point of the more volatile reactant. The dissocia¬ 
tion envisaged as preceding the reaction may also occur in the ionic 
sense, in which the neutral covalent molecule undergoes a slight degree of 
ionization into free ions. Both mechanisms are correct, but the conditions 
under which they apply depend on other factors such as the nature of the 
reaction and the type of solvent being used. Sufficient has, however, been 
said at this stage for the student to appreciate that, in general, organic 
chemistry is associated with slow reactions. 



CHAPTER 28 


PARAFFIN, OLEFINE AND ACETYLENE HYDROCARBONS 

It has been stated in the previous chapter that organic compounds mav 

be classified into a number of homologous series, some of which are simple 
and others more complex. r 


THE PARAFFINS 

The paraffin series, which forms the subject of the present chapter is 
the simplest of these and is composed of compounds of carbon and 
hydrogen in which the various carbon atoms are linked by single bonds to 
the adjacent carbon atoms, as in the following examples_ 

H HH ~ “ " HHHH 


H —C'— H H 

H 

methane 


H 

H 

1 

H 

1 

H 

l 

H 

| 

C- 

1 

1 

-C—H 

1 

H—C- 
1 

1 

-C- 

i 

1 

C 

H 

H 

1 

H 

1 

H 

H 

ethane 

propane 



H H—C—C—C—C—H 


H H H 

butane 


H 


r or reasons which will be discussed later, these compounds are described 
as saturated hydrocarbons, to distinguish them from hydrocarbons such 

a CnC, r aCety Cne and benzene - which are unsaturated. 

Methane, formula CH.„ is the first member of the paraffin series. It is a 
g s and occurs in considerable quantities in nature. The “natural gas” 
hich escapes from oil-wells in certain parts of the world is very lareelv 
composed of methane. The “eternal fires” of Baku were caused by ffiis 

BaTn ,y S ,, bUrnmg f 11 esca P ed through fissures in the rock above the 
*“° | e P°f In ‘he U.S.A. much of this natural gas is now cofiLed 

and distributed to domestic consumers as a substitute for coal gas S 

KdS 3 S 2 : rrom 2 “r 23 °< «SX w”h 

iPiissiiiiss 
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sodium acetate until fused) with soda-lime. Soda-lime is quick-lime which 
has been slaked with a concentrated solution of sodium hydroxide, and 
behaves virtually as a mixture of sodium hydroxide and calcium 
hydroxide. 


CH 3 . jCOONa -f NaOjH = CH 4 + N^CO, 


Methane may also be prepared by the following methods— 
By the action of water on aluminium carbide — 

A1 4 C 3 + 12H 2 0 = 3CH 4 -f 4Al(OH) 3 



Fig. 252. Preparation of Methane from Sodium Acetate 


By the reduction of methyl iodide with nascent hydrogen, produced for 
example in situ by the action of a zinc-copper couple on methyl alcohol. 

CH 3 I 4- 2H = CH 4 4- HI 

The zinc-copper couple may be prepared by immersing pieces of zinc 
in a solution of copper sulphate for a short time, or by heating copper 
powder with zinc foil in an atmosphere of coal gas until the mixture 

cakes together. # , 

By the Sabatier and Senderens reaction in which a mixture of cavpon 

monoxide (or dioxide) and hydrogen is passed over a finely-divided 
nickel catalyst at a temperature of about 250°C— 

CO 4- 3H 2 = CH 4 4- H 2 0 
C0 2 4- 4H 2 = CH 4 4- 2H 2 0 

Properties of Methane. Methane is a colourless, odourless gas, lighter 
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than air ( 8 , cf. 14*4) and is practically insoluble in water. Chemically, it is 
relatively inert, and does not react with acids, alkalis, nor the common 
oxidizing and reducing agents. This lack of chemical reactivity which is 
characteristic of all the members of the paraffin series explains the name 
“paraffin,” which means, literally, little affinity or reactivity. 

The paraffins, however, are not completely devoid of chemical reactivity 
as the following important reactions show— 

(a) They Burn in Air or Oxygen. Methane, for example, burns in air 
with a pale-blue, non-luminous flame— 

CH 4 -f 20., = CO, + 2H 2 0 



Fig. 253. Preparation of Methane from Methyl Iodide 

Within certain limits of composition, mixtures of paraffin gases and air 

(or oxygen) explode when ignited. Well-known examples of this explosive 

reaction include the accidental explosions which occur in coal-mines and 

the controlled explosions of petrol-vapour/air mixtures which provide the 

motive power in automobile engines. In these explosions, the oxidation of 

the methane or higher paraffin is often incomplete and much carbon 
monoxide is produced— 

2CH 4 + 30 2 = 2CO + 4H 2 0 

This carbon monoxide is the much feared “after-damp” in coal mines 
after explosions, and also explains the very poisonous nature of the 
exhaust gases from petrol engines. 

(b) Reaction with Halogens. Mixtures of methane and chlorine explode 

when ignited or when exposed to direct sunlight to deposit carbon and form 
hydrogen chloride gas— 

CH 4 + 2CI 2 = C I + 4HC1 t 

No reaction occurs when the mixed gases are exposed in the dark, but in 
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diffused sunlight a slower reaction occurs with progressive replacement of 
the hydrogen atoms by chlorine atoms— 


H 


H—C- 


H 



-Cl = HC1 + CHoCl 


methy 

chloride 


H 


Cl—C- 


H 



-Cl = 


HC1 + CH 2 C1 2 

methylene 

chloride 


Cl 


H—C- 


C1 



-Cl = HCl + CHC1 


chloroform 


Cl 


Cl—c- 


C1 



-Cl = HCl + CC1 4 


carbon 

tetrachloride 


These reactions in which one atom is replaced by a different atom are 
known as substitution reactions. 

Similar reactions occur with bromine vapour, but the substitution occurs 
much more slowly, whilst iodine vapour shows little if any reactivity. 
Fluorine, on the other hand, reacts explosively with methane and other 
hydrocarbons due to its enormous affinity for hydrogen. 


The Paraffin Series 


• • 

The general formula of the members of the paraffin homologous series is 
C„H 2n + 2 , i.e. CH 4 , C 2 H 6 , CjHg, C 4 H 10 , C 5 H 12 , 

and boiling points increase progressively with increase in molecular weight, 
the earlier members being gases at ordinary temperatures, the intermediate 
liquid, and the heaviest members waxy solids like paraffin wax. 


Methane 

ch 4 

Ethane 

C 2 H 6 

Propane 

c 3 h 8 

//-Butane 

c 4 h 10 


b.p. - 164°C 

b.p. — 93°C Colourless 
b.p. - 42°C | gases 

b.p. — 0*5°C ) 
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Pentane 

QH 12 

b.p. 

-r 36°C > 


Hexane 

IF 

c 6 h 14 

& 

b.p. 

+ 69°C 

Colourless 

Heptane 

Octane 

^8^18 

b.p. 

b.p. 

+ 98-4°C 
+ 125*6 c cJ 

liquids 

Heptadecane 

^17^36 

m.p. 

-f 22°C \ 


Octadecane 

^-18^3S 

m.p. 

+ 28 C 1 

Waxy- 

Pentatriacontane 

C.35H 72 

m.p. 

+ 75°C j 

solids 


General Methods of Preparation 

1. By heating the sodium salt of a fatty acid (see p. 923) with soda-lime 


G2H5 . 




COONa + NaO H = Na .CO , + C, H r t 


2 ll 6 

ethane 


COONa + NaO H = Na 2 CO., + C..H 


3 ‘ ^ /i ri 2 Ai-f2 l 


for 2 ex^mn^ Udng corres P ondin g alk yl iodide with nascent hydrogen, 
tor example, via a zinc-copper couple and alcohol— J 6 

C„H 2n+1 I -f 2H = C„H 2ll+2 + HI 
3. By the Wurtz synthesis , e.g. 



CH, 


+ 2NaI 


CH 


3 


driedSn 'H 5 adding sodium to a solution of the carefully 

ofSS f ethen The free alk > d radicals > Produced by the removal 
of the iodine atom, couple together to produce the stable paraffin If a 

nuxture of two alkyl iodides, R'l and R''I, be used the resuffing paraffin 

will be a mixture of the three hydro-carbons R'-R' R'-R" and R" R” 

m ch.or a H the H alkyl "r 65 3re USCd instead of the ^ponding bromtes 
iodffil atoms $e grCater reac,ivi ‘y due ‘o easier removal of ffie 

solution nf°!t' S E J ectro, y ,k \ method in which a concentrated aqueous 
solution of the potassium salt of a fatty acid is electrolyzed, e.g. q 

CH 3 . COOK exists in solution as (CH 3 . COO)- and K+ ions 
Anode reaction : (CH 3 . COO)- - (CH 3 COO), followed by 

CH 3 . COO CH 3 
_ + -> I + 2CO, 

ch 3 .coo ch 3 

If a mixture of two different potassium salts (R' . COOK and R" . COOK) 









864 PARAFFIN, OLEFINE AND ACETYLENE HYDROCARBONS 


be electrolyzed in this way, the product is a mixture of the three hydro¬ 
carbons, R'-R', R'-R" and R"-R". J 

5. From unsaturated hydrocarbons (see p. 872) by reduction with 
hydrogen, for example, by the method of Sabatier and Senderens (vapour 
plus hydrogen passed over finely divided nickel catalyst at about 250°C). 


C 2 H 4 + 

c 2 h 2 + 


h 2 = c 2 h 6 

2H 2 = C 2 H 6 


Properties of the Paraffins. As has already been noted, the paraffins are 
characterized by a lack of chemical reactivity. At ordinary temperatures, 
they do not react with nitric acid, fuming sulphuric acid, strong alkalis, 
metallic sodium, strong oxidizing agents such as chromic acid and potas¬ 
sium permanganate, and even at higher temperatures they may only 
react very slowly with these reagents. They do, however, react with the 
halogens (but not with iodine) to form substitution products, and also 
burn or form explosive mixtures with oxygen and air. 


Isomerism in the Paraffin Series 

Using the convention of depicting the four valency bonds from each 
carbon as planar, it is readily seen that, in addition to straight chain 
hydrocarbons, branch chain hydrocarbons may also occur, as depicted in 
the following carbon skeletons for butane and for pentane— 

C 4 H 10 C—C—C—C C—C—C 

/i-butane | 

c 

iso-butane 

c 

I 

c 5 h 12 c—c—c—c—c c—c—c—c c—c—c 

/i-pentane | J 

c c 

iso-pentane neo-pentane 

The student may at first find it difficult to appreciate that the following 
carbon skeletons are identical— 


1234 4321 

C—C—C—C C—C—C—C 



4 3 4 

C—C—C 

1 

c—c 

2 1 


1 2 

c—c 

I 

c—c—c 

4 3 4 


If in doubt, the procedure is to pick out the longest carbon chain, irrespec¬ 
tive of whether the chain appears to be straight or otherwise, as in the 
preceding structures. 

Substances which have the same molecular formula (e.g. C 5 H JZ ) but 
different structural formulae (and, therefore, different properties, e.g. 
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//-pentane, iso-pentane, and neo-pentane) are said to be isomers and the 
phenomenon is known as isomerism. The number of different isomers 
possible in the paraffin series increases rapidly with increase in the number 
of carbon atoms in the molecule; thus decane, C I0 H 22 , has seventy-five 
different structural formulae, although it is safe to say that all these possible 
different isomers have never been isolated. 

Alkyl Compounds. Organic chemistry is often described as the chemistry 
of the compound radica . Considering the mono-substitution products of 
the paraffins, these have the general formula, (C n H 2n+1 )X 9 in which X may 
be any univalent atom or group of atoms. It is equally true to say that the 
group, C„H 2nfl is also univalent, and since this group, or compound 
radical, as it is more usually known, remains unchanged in many of the re¬ 
actions of the compound, C^H 2 ;j+ 1 X, it may be regarded as a univalent atom 
R. The compounds, CH,C1, C 2 H-CJ, C 3 H 7 C1, etc., may thus be repre¬ 
sented by the formula RC1 in which R is CH r , or C 2 H 5 -, or C,H-, etc. 

The univalent radicals, CH ;r , C 2 H 5 -, etc., are known collectively as 
alkyl groups, and individually as methyl -, ethyl-, propyl -, etc. The com¬ 
pound C 4 H 9 C1 would thus be butyl chloride. 

The divalent radicals, CH^, C,H, . C 3 H 6 =, etc. are similarly known 
as alkylene groups, and the corresponding compounds as alkvlene com¬ 
pounds, e.g. CH 2 C1 2 is known as methylene dichloride. 

Other radicals which will be encountered in the study of organic 
chemistry include —OH, hydroxyl; >C=0, carbonyl; '—CO .OH 
carboxyl; —CO . CH,, acetyl; —CHO, aldehyde; — NH„ amino. 

I etroleum. Crude petroleum consists essentially of various mixtures of 

gaseous, liquid, and solid hydrocarbons. These hydrocarbons belong not 

only to the paraffin or saturated hydrocarbon series but also to the 

cycloparaffins or naphthenes, to the benzene or aromatic hydrocarbon 

series and also to the unsaturated olefine hydrocarbon series. Examples of 

ttiese other hydrocarbon series, the discussion of which is deferred to later 
in the book, include— 


CHo-CH 


CH, 


CH 


CH 2 —CH, 

cyclo-hexane (a naphthene) 


CH, 


CH 


CH 


\ 

CH 


C 


CH 


\ 

CH 


CH CH 
CH^ 

benzene 


CH 


CH 


CH 


toluene 
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The nature of the crude oil varies with the part of the world in which it is 
found. There appear however, to be three principal varieties— 

(a) The Paraffin-base type (or Pennsylvanian type), mainly paraffin 
hydrocarbons with smaller amounts of naphthenes and aromatic hydro¬ 
carbons (benzene, etc.) 

(b) The Asphaltic-base (or Caucasian) type , mainly naphthenes with ‘ 

smaller quantities of paraffin and aromatic hydrocarbons, but relatively 
little wax. 

(c) The Mixed-Base (Galician or Rumanian) type , mainly intermediate 
between the above two types and rich in solid waxes (higher paraffins, 
etc.). 

Oil Gas Water 


rvious 


rv/oas 


Fig. 254. Diagram showing a Typical Oil-well 

Extensive deposits of petroleum occur in the areas covered by the 
above types, and in various parts of the U.S.A. (Oklahoma, California, 
etc.), Mexico, Iran and Iraq, Dutch East Indies, Rumania, Australia, etc. 

Recovery and Treatment of Crude Petroleum. The accompanying 
diagram shows how crude oil and “natural gas” collect, in the course of 
time, in porous-rock strata which are so to speak insulated from above by 
strata of rock impermeable to oil. The crude oil is obtained by drilling 
through the impermeable rock layers to the porous rock which contains 
the crude oil. The diagram shows how the position of the boring, in 
relation to the distribution of the oil, may produce oil, or water and oil, 
or water or simply natural gas. If the boring is correctly sited, the oil is 
forced to the surface by the combined gas and water pressures. Later, as 
these pressures fall, it may be necessary to pump the oil to the surface, or 
even to flood the working to obtain any residual oil remaining in the well. 
When the oil reaches the surface, the resultant decrease in pressure leads to 
a dissolution of natural gas (methane, ethane, propane, etc.) dissolved in 
the oil, so that the crude oil appears as a dark-coloured foaming liquid. 
The gas, liquid and solid constituents are then separated by various 
mechanical separators. 

Natural Gas. This is composed of the lower hydrocarbons, such as 
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methane, ethane, propane and butane. After treatment to recover most of 
the propane, butane and any higher hydrocarbons, the residual gas is 
distributed to industrial and domestic consumers through pipes, very 
much in the same way as is coal-gas. 

Liquid Gas. The liquids recovered from natural gas are composed mainly 
of the hydrocarbons, propane, butane, propylene and butylene under 
pressure. They are distributed under pressure as the liquids for industrial 
and domestic heating purposes. “Calor-gas,” marketed in this country, is 
somewhat similar. It is mainly composed of iso- and normal-butane, and 
1S P roduced during the hydrogenation of coal at the Billingham plant. 

Liquid Petroleum. Crude liquid petroleum is a complex mixture of 
a large number of different hydrocarbons, the complete separation of which 
would be extremely difficult and very costly. Instead of attempting such a 
complete ^paration, a partial separation is quickly and economically 
effected by the process of fractional distillation. In this way the oil is 
separated into a number of fractions having different boiling-point ranges. 

•i TT ber ,° f fractIons isolated depends upon the type of oil, but those 
included in the table shown on p. 868 are representative. 

Motor Spirit or Gasolene, consists of a mixture of aliphatic, aromatic 

nd naphthenic hydrocarbons boiling within a certain temperature range 

which varies between certain specification limits. These specification limits 

vary with the power and type of petrol engine, and also with the season of 

W m ° t0 L r SJ ? 1Fit has a specification boiling-point range of 

(X) C, whereas the limits specified for aviation spirit are 40°-180°C 

Commercial spirit is in reality a blend of a number of refinery products, the 
most important of which are— ^ 

crude S 3ium n ^ A fraCti ° n ° r “ CUt ” fr ° m the distillation of 

casin S- head s P irit: A solution of higher boiling point 
hydrocarbons (from natural gas) in kerosene or gas-oil. 

4 R^ ked f r ' t: - ob ‘ a *ned by cracking (see below) heavy-oil fractions. 

Of nw f d ? lr ! t: Certain fractions within the boiling-point ranee 

properties^'" 1 “* CraCked l ° Jmprove their anti-knock or volatilify 

° f variou! **■» p™' 

: cat y ,;r binine low " par “ ffins wi,h ° ie " nes in ,h ° 

spirits^whirh ^ at f d Sp ‘, rit: By h y dro genating cracked or polymerized 
P Blend,W h tain 3 lar S e Percentage of unsaturated hydrocarbons. 

within certain "snSTn ‘r pr ° duce m otor-spirits which have properties 

engine Inch nro P , • 3$ ,eC i U,red b y the m odern motor-car 

ratine etc Ono^'.l? ’,? c l ' de boiIln g-point range, volatility, anti-knock 
S- e method of assessing and comparing motor-spirits is 
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Table 114 


Primary Distillation Products from Crude Petroleum 


General Name of Fraction 

Special Fractions or Blends 

Naphthas (30°-200°C) 

Petroleum ethers 

Solvent naphtha (40°-70°C) 

Aviation spirit (40°-180°C) 

Motor spirit (30°-200°C) l 
^Commercial solvents 

Kerosene (140°-315°C) 

( Lamp and stove fuel (160°-300°C) 

1 Motor fuel (140°-270°C) 

| Signal oils 

{ Turpentine substitutes (white spirit) 

Gas oils (180°-390°C) 

( Household-heating fuels 
{ Light industrial fuels 
l Diesel fuel oils (190°-350°C) 

Lubricating oils 

rThese include such oils as; white, spindle, 
textile, cutting, transformer, compressor, 
refrigerator, journal, motor, compounded, 
valve, turbine, tempering, transmission, 
and railway oils 

Waxes, e.g. candle wax, medicinal wax, 
insulation wax, etc. 

-Petroleum jelly (salves, creams, etc.) 

Fuel oils . 

( Wood preservatives 

J Boiler fuel 
' Metallurgical oils 

Asphalts . 

/Road emulsions 

Paving asphalts, water-proofing and insula- 
( ting asphalts 

Emulsion bases, paint bases 

VRubber substitutes 


based on the so-called “octane number.” This is defined as the percentage 
by volume of iso-octane (2.2.4 tri-methyl pentane) in a mixture of iso¬ 
octane and normal pentane (a very poor motor-spirit) which matches the 
fuel being tested as to its “knock” or detonation characteristics when 
compared by a specified procedure knock-testing engine. In this test pure 
iso-octane gives an Octane Number of 100, normal heptane one of 0 and a 
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mixture of these two give intermediate values. If a given fuel shows a 

better rating than iso-octane (and some do), its octane number is taken as 
greater than 100. 

Kerosene was formerly employed primarily for heating and illuminating 
purposes, and also as commercial solvents. Other products within the 
keros.ne boiling-point range (140 -315"C> include turpentine substitutes 
(white spirit), tractor vaporizing oil (T.V.O.) and gas-absorption oils 
e.g. used in preparing natural or casinghead spirit). The development of 
the jet-engine, however, has resulted in an enormously increased demand 
tor kerosene It is true that jet-engines may be designed to burn almost any 
grade of oil-fuel, but kerosene is preferred for aeroplanes because of the 
reduced risk of fire. Formerly, the demand for kerosene and its various 
products did not keep pace with the quantities obtained in the refinin- 
ol crude petroleum, so that much of it was converted by cracking opera¬ 
tions into lower-boiling hydrocarbons suitable for motor spirit. Now the 
position is changed, and the world faces a shortage of kerosene. 

as Oil, Diesel Fuel. Gas Oil is a rather indefinite term usually applied 
to petroleum fractions having viscosity and boiling-point ranges inter¬ 
mediate between those of kerosene and lubricating oils It is employed as 
domestic or commercial fuels, for the manufacture of artificial gas (hence 
its name , and for conversion into motor spirit by cracking. It is also used 

types Certam typ6S ° f DiCSel en g ines ’ especially the high-speed 

Crackmg The demand for more and more petrol led to the development 
of the cracking process for converting into petrol the heavier oil fractions 

of therm ?| U H ln8 rehnin S, of crude oik Cracking is essentially a process 
b^ng-po.n?s%°7 OSltl0n 8 l ° SimP ' er hydr ° CarbonS With ,ower 

C 10 H 22 11^ c 5 H 12 + QH,„ 

paraffin olefine 

ca h rri e P d r °m, S t S l*?™* ° ut ,. b >' heatin g th <= oil under pressure and may be 
earned out either in the liquid phase, or in the vapour phase In the 

cracked “whiStTh 1 °„ ^ reSidl ' eS a " d fud ° i,S l ° ker ° sen “. can be 

readUy be vaporitcl " SUitab ' e °" ,y f ° r th ° Se ° ils which m: ‘>' 


For Petrol from Coal , see Chapter 22, p. 594. 

THE OLEFINE HYDROCARBONS 

The olefine hydrocarbons are characterized by the presence in their 

eth\denp 6S f ° 3 so ' calIed double bond. The simplest member of the series 
y e, for example, has the molecular formula QH 4 . The corresponding 
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paraffin or saturated hydrocarbon, ethane, has the molecular formula 
C 2 H 6 , so that ethylene contains two less hydrogen atoms than ethane. 


H H 

H—C—C—H 

I I 

H H 

ethane 


H—C—C—H 

I I 

H H 

ethylene 


For reasons which will be discussed later in this chapter, the two free 



Fig. 255. Preparation of Ethylene from Ethyl Alcohol 
with Anhydrous Alumina as Catalyst 


carbon valency bonds are regarded as forming an additional bond between 
the two carbon atoms, and the structural formula of ethylene is written as 



in which the two carbon atoms are linked together by a double bond. 

Preparation of Ethylene. This is effected by removing the elements of 
water from ethyl alcohol— 


H H 

H—C—C—H 
I I 

j. I"" 1 ' *: 

i H OH : 



+ H 2 o 
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The reaction may be carried out in various ways— 

(a) By passing ethyl alcohol vapour over anhydrous alumina (aluminium 
oxide) heated to about 300 C. The alumina appears to act catalytically. 

(b) By heating ethyl alcohol with excess of concentrated sulphuric acid 

to 160°C. The preparation may be carried out in the apparatus shown 
below. 

To about 20 ml of ethyl alcohol in the flask are cautiously added with 
cooling and shaking about 40 ml of concentrated sulphuric acid, followed 

by a little dry sand to assist the subsequent evolution of ethylene. (Note _ 

the same care must be taken in adding concentrated sulphuric acid to 
alcohol as is observed on adding this acid to water.) The flask is then 
heated on a sand bath as shown in the diagram. The wash-bottle containing 


f 



Fig. 256. Preparation of Ethylene from Ethyl Alcohol 

with Concentrated Sulphuric Acid 


a solution of sodium hydroxide serves to remove any sulphur dioxide gas 
evolved in the process, and the ethylene is collected over water in the usual 
way. At the conclusion of the preparation the flask should be disconnected 

ofheat WaSh * bott,e (t ° P revent suck-back) before removing the source 

(c) A purer ethylene is produced by using syrupy phosphoric acid in 

.u 0 ? ° , the conce ntrated sulphuric acid in the above preparation the 
ethylene being evolved at about 210°C. 

A convenient laboratory method is to pass ethyl bromide vapour through 
a hard-glass tube containing soda-lime heated to a dull red heat. 

C 2 H 5 Br + NaOH = C,H 4 + NaBr + H.,0 

, . Y“ s P^ e P aration is a modification of the standard method for preparing 
high olefines by heating the alkyl iodide with an alcoholic solution of 
potassium (or sodium) hydroxide (see p. 877). 

C n H 2n+1 I + KOH = C„H,„ + KJ + H 2 0 
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Properties of Ethylene. Ethylene is a colourless gas with a characteristic 
faintly-sweetish odour. When deeply inhaled, it produces temporary 
anaesthesia without unpleasant after effects and is used for this purpose 
in dental surgery and in minor operations. It is practically insoluble in 
water but is appreciably soluble in other hydrocarbons. 

Ethylene burns in air with a clear pale-blue (almost invisible) flame and 
forms explosive mixtures with air and oxygen. In these reactions it 
resembles methane, ethane and other paraffins. 

Ethylene (and other olefines), however, contrast strongly with the almost 
chemically inert paraffin hydrocarbons in their much greater reactivity 
due to their ability to form so-called addition compounds , as depicted in the 
following general reaction— 


H 


H 

1 

—C X 

H- 

1 

-C—X 

11 + 1 

—> 

1 

—C Y 

1 

H- 

>- 

j. 

1 

1 

H 


1 

H 


These addition reactions are clearly due to the ethylene molecule having 
two less hydrogen atoms compared with ethane; ethylene is accordingly 
referred to as an unsaturated hydrocarbon. Examples of these addition 
reactions include— 

(a) Reaction with Halogens. Ethylene combines directly with chlorine 
at ordinary temperatures to form ethylene dichloride— 

H H 

I I 

H—C Cl H—C—Cl 

|| + | -> | (that is, C 2 H 4 Cl 2 ) 

H—C Cl H—C—Cl 

I I 

H H 

Similar reactions occur with bromine and with iodine. The reaction with 
bromine is often used as a test for an unsaturated hydrocarbon, and is 
usually carried out by adding a little bromine water to the gas. The 
disappearance of the bromine colour on shaking the mixture results from 
the addition reaction— 

C 2 H 4 -f- Br 2 —> C 2 H 4 Br 2 

ethylene 

dibromide 

( b) Reaction with Hydrogen Halides. The following addition reactions 
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occur most readily with hydrogen iodide and least readily with hydrogen 
chloride— J b 

C 2 H 4 + HI — C 2 H 5 I 

ethyl iodide 

C 2 H 4 + HBr -> C 2 H 5 Br 

ethyl bromide 

QH 4 + HCl C 2 H 3 C1 

ethyl chloride 

N° te —\n the above reactions with the halogens, the order of decreasing 
reactivity is chlorine, bromine and iodine, that is, the reverse of the 
reactivity with the halogen hydrides. 

(c) Reaction with Hydrogen. If a mixture of ethylene and hydrogen is 

passed over a finely divided nickel catalyst at about 150°C, or is bubbled 

through a colloidal suspension of platinum at ordinary temperatures 
addition occurs to form ethane— 


c 2 h 4 + h 2 -> c 2 h 6 

(d) Reaction with Sulphuric Acid. Fuming sulphuric acid will absorb 
ethylene very rapidly at ordinary temperatures to form ethyl hydrogen 
sulphate, and this reaction is used industrially to remove unsaturated 
hydrocarbons from admixture with saturated hydrocarbons, as for example 
in oil refining. The reaction with concentrated sulphuric acid occurs only 
slowly in the cold, but proceeds readily at about 100°C— 

(2 H 

C 2 H 4 + H 2 S0 4 -> 5 Ns 0 4 (or, EtHS0 4 ) 

fK 

Reaction with Ozone and also with Hypochlorous Acid 


H 

H 

i 

H—C 

H—C—O x 

II + °3 ~ > 

i No 

H—C 

X 

1 

0 

\ 

H 

1 

H 

ethylene ozonlde, 
but see p. 728 

H 

H 

i 

H—C 

1 

H—C—OH 

|| + HO—Cl 

| 

H—C 

H—C—Cl 

I 

H 

1 

H 

ethylene chlorhydrin 
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Ethylene is easily oxidized. If 1-2 ml of a very dilute solution of potas¬ 
sium permanganate be added to a gas jar of ethylene and shaken, the 
purple permanganate colour is replaced by the green colour of potassium 
manganate (K 2 Mn0 4 ), and ultimately by a brown precipitate of manganese 
dioxide. The ethylene is simultaneously oxidized to ethylene glycol— 

H H 


H—C H—C—OH 

II + h 2 o + 6 -> I 

H—C H—C—OH 


H H 

ethylene glycol 

If acidified permanganate be used, the colour changes observed are from 
purple to colourless, and further oxidation of the ethylene glycol occurs. 

Structural Formula of Ethylene. The addition reactions of ethylene 
show that the molecule is not saturated, and suggests that its structural 
formula is either 

H H 

I I 

H—C—H H—C— 

(A) | or (B) | 

H—C— H—C— 

I I 

H 

That the first of these two formulae is incorrect is shown by the following 
arguments— 

(a) Ethylene forms an addition compound with bromine having the 
formula C 2 H 4 Br 2 , the structural formula of which would be— 

H H 


H—C—H H—C—Br 

either | (from A) or j (from B) 

H—C—Br H—C—Br 


Br H 

(, b ) A compound having the first of these two structures may be prepared 
by the action of phosphorus and bromine on acetaldehyde— 

H 


H 


CHq . c 


\o 


CH 3 . C—Br 

NBr 
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This compound is different, however, from that produced by the reaction 
of bromine with ethylene. 

(c) This suggests that the dibromo-derivative of ethylene has the 
second formula, CH 2 Br . CH 2 Br, and therefore that ethylene has the 
structure ( B ) above. - 

The formula ( B) y however, cannot be completely correct since it involves 
the presence of free valency bonds on the carbon atoms. In this respect it 
would resemble the methyl radical, CH 3 —, and like this and other radicals 
would presumably be incapable of a separate existence. It is suggested, 
therefore, since ethylene definitely does exist, that the two free valency 
bonds on adjacent carbon atoms mutually saturate each other to form an 
additional bond between the two carbon atoms, thus— 



H 


H 

H H 


| 


| 


H- 

-C— 

H- 

c ... 

C 


1 

— > 

1 ! 

-> || 

H- 

-c— 

1 

H- 

c ... 

1 

c 

y\ 


1 

H 


1 

H 

/ \ 

H H 


ethylene 


XX 

Fig. 257. Structure 
of Ethylene 


Ethylene is thus regarded as possessing a double bond, with each carbon 
showing its normal four-covalency. The ability of adjacent carbon atoms 
to form an additional bond in this way is sup¬ 
ported by the non-existence of a compound CH 2 . 

Ethylene is in fact the first member of the olefine 
series. 

It should be well understood that the “double 
bond” is simply a convention for bringing the 
clearly unsaturated valency bond structure of 
ethylene into line with the rule that compounds 
having free valency bonds cannot exist as stable compounds. The double 
ond, therefore, should not be taken to indicate a stronger force between 
e two carbon atoms, but instead it should be regarded as the point of 
weakness in the molecule at which chemical reaction takes place. 

Baeyer explained this inherent reactivity of the double bond in terms of 
c strain which would be set up by linking two carbon atoms together by 
more than one bond. When two carbon atoms are linked together by 
single bonds, as in ethane, no distortion of the carbon valency bonds from 
men- tetrahedral arrangement occurs, so that the resulting molecule is 
iree from strain.” When two carbon atoms become doubly linked 
ogether, as in ethylene, however, the two pairs of valency bonds under- 
gomg mutual saturation must be distorted from their tetrahedral arrange¬ 
ment. The strain so introduced leads to instability. 
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Furthermore, the two carbon atoms in this latter case will be rather closer 
together than they would be if only singly linked (1*34 cf. 1-54 Angstrom 
units). This closer approach of the carbon atoms increases the internal 
energy and hence reactivity of the molecule. 


The Olefine Series 

The general formula for the members of this series is C n H 2n , with ethylene 
as the first member. Examples include— 

CH 

CH 3 —CH=CH 2 CH 3 —CH 2 —CH=CH 2 and 3 \c=CH 2 

propylene normal-butylene CHj 

iso-butylene 

in addition to the chain isomerism encountered with the paraffins, the 
olefines show additional isomerism due to variation in the position of the 
double bond. Thus there are three isomers of butylene compared with 
only two of butane— 

CH 3 


CH, . CH* . CH*. CH 


2 • *2 
/i-butane 


CH 


CH . CH. 


iso-butane 


CH 3 . CH 2 . CH = CH 2 

normal-butylene 

Oi-butylene) 


CH 3 . CH = CH . CH 3 

symmetrical butylene 
(dimethyl ethylene) 



iso-butylene 


It should be noted also that the polymethylene compounds or cyclo¬ 
paraffins also have the general formula C„H* n , and are therefore isomeric 
with the corresponding ethylenes. Examples of these hydrocarbons 
include— 


Cyclo-propane or Trimethylene 

CH 2 

/\ (that is, CjH 6 ) 
H 2 C-CH 2 


Cyclo-hexane or Hexamethylene 

CH 2 

/\ 

h 2 c ch 2 

I I (that is, C 6 H 12 ) 
H*C CH 2 

\/ 

ch 2 

The reactions of the olefines are those already described in 
with ethylene, the first member of the series. 


connexion 
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General Methods of Preparation. The methods described in connexion 
with ethylene may also be used to prepare other olefines. The most general 
method, only briefly described in the case of ethylene because of the poor 
yield obtained of this gas, is tq^heat the alkyl iodide with an alcoholic 
solution of potassium hydroxide. The reaction may be carried out by 
slowly running the alkyl iodide from a tap-funnel into the heated solution 
of potassium hydroxide in alcohol as shown in the diagram below. The 



Fig. 258. Preparation of Olefines from Alkyl Iodines 

reflux condenser serves to return any alkyl iodide and alcohol vapour to 
the reaction vessel. r 


C nH 2 „ +1 I + KOH 


C n H 2 n ~r KI -f- H 2 0 


Essential Difference in Reaction between Paraffins and Olefines 
Paraffins are saturated hydrocarbons and form substitution compounds 

H H 


H—C—H 


+ Cl—Cl 


H—C—H 


H—C—Cl 


H 


+ HC1 


H 


H 
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Olefines are unsaturated hydrocarbons and form addition compounds 

H H 


H—C Cl 

I + I 

H—C Cl 


H 


u-c-ci 

H—C—Cl 

I 

H 

ethylene dichloride 


THE ACETYLENES 

The acetylene hydrocarbons are characterized by the presence in their 
molecules of a so-called triple-bond. For example, the simplest and also 
most important member of the series, acetylene, has the molecular formula 



Fig. 259. Preparation of Acetylene from Calcium Carbide 


C 2 H 2 , and therefore contains two hydrogen atoms less than ethylene and 
four less than ethane— 


H H 

H—C=C—H 

acetylene 

H H ethylene 

ethane 

Homologues of acetylene include propyline (or, methyl acetylene), 
CH 3 . C=CH, butyline (or, ethyl acetylene) CH 3 . CH 2 —C=CH, and 
so on. 

Preparation of Acetylene. The most important laboratory and also 
industrial method is by the action of water on calcium carbide 

CaC 2 + 2H 2 0 = Ca(OH) 2 + C 2 H 2 

Impurities, such as calcium phosphide, sulphide and nitride, in the calcium 
carbide may result in small quantities of phosphine, sulphuretted hydrogen 


H—C—C—H 


Hx /H 

C=C<( 
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and ammonia being liberated at the same time, and these give the acetylene 

an objectionable smell. Most of these impurities may be removed by 

bubbling the gas through a solution of copper sulphate before collecting 
the acetylene. b 

The general method for preparing acetylenes is by heating dihalogen 
compounds, such as ethylene dibromide, with an alcoholic'solution of 
sodium or potassium hydroxide. The reaction occurs in two distinct 
stages, corresponding to the removal of two separate molecules of hydrogen 
bromide. The product is relatively pure. 


H 

A 


H H 

H 

1 


\/ 

| 

H—C- 

A 

-Br 

C 

C 

1 

(- 

-HBr) -> l| (—HBr) 

III 

1 

u- 

1 

X 

-Br 

C 

c 

1 


/\ 

1 

H 


H Br 

H 

ethylene dibromide 

vinyl bromide 

acetylene 


This reaction with alcoholic potassium hydroxide should be compared 

with that of aqueous potassium hydroxide which merely hydrolyzes the 
ethylene dibromide to form ethylene glycol_ 

C 2 H 4 Br 2 -f 2K.OH (alcoholic) = C 2 H 2 -f 2KBr + 2H..O 
C 2 H,Br 2 + 2KOH (aqueous) = C 2 H,(OH) 2 + 2KBr 


modification of the alcoholic potassium hydroxide method which is 
particularly suitable for preparing acetylene is to pass the ethylene di- 

^ a P ou [. over heated soda-lime contained in a hard-glass tube 
' see P- °70 for diagram of apparatus). 

Pr op ertie S . Acetylene is a colourless gas, almost odourless when pure 

,• V ln° rm ? Z P re P ared il has a pronounced and unpleasant odour. It 
is slightly soluble in water but is much more soluble in organic solvents 

m.fniv aCet ° ne 3nd h y d,ocar bons. If acetylene is required in large 

snlm, eS r * S ? SUaIly obtamed from steel cylinders which contain a 
olution of acetylene under pressure in acetone, the latter being absorbed 

over wh£°, r n U$ mat ? iaI SUch as ^ieselguhr. Any acetone vapour carried 
over with the acetylene may be removed by bubbling through water 

exnlos one® 6 °, 3 “ ty,ene by itseIf llnder Pressure is dangerous since 
explosions are liable to occur. b 

tion wWnvTr bU , r . nS ‘ n , a ' r with 3 very smok y flame due to incomplete oxida- 
to burn t S 'n de P osltlon of carbon. If, however, acetylene is allowed 

oxidation nrr Sm f J et ln a plentiful supply of air or oxygen complete 

bmniwnn 0 f ° rm 3 VCry hot hri S ht flame. In the familiar acetylene 

product ’? IP' I" 10 J t tS ° f acet y Iene are directed towards one another to 
1 er y thin sheet of flame with maximum surface exposed to the 
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air or oxygen. The very high temperature (greater than 3000°Q produced 
by the complete combustion of acetylene in oxygen is used, in the oxy- 
acetylene blow-pipe, for such purposes as the welding and cutting of 
metals. In the former case the proportions of oxygen and acetylene are 
controlled so that carbon monoxide and steam are formed, thus avoiding 
oxidation of the metal. In the latter case, excess of oxygen is used, the 
cutting action then resulting from burning of the metal. 

Like the other gaseous hydrocarbons, mixtures of acetylene and air or 
oxygen are liable to explode violently when ignited. For this reason, it is 
important when preparing these gases (e.g. methane, ethylene, acetylene) 
in the laboratory to allow the reaction to proceed for some little time before 
collecting the gases. 

The doubly unsaturated nature of acetylene is revealed by its addition 
reactions which are similar to those of ethylene but involve two molecules 
of the reagent instead of the one required by ethylene— 


H 

C 

Br 

Br- 

H 

1 

-C 

Br 

Br- 

H 

-C—Br 

III + 


-> 

1 + 

1 

—> 

1 

C 

Br 

Br- 

-c 

1 

Br 

Br- 

-C—Br 

i 

H 

acetylene 


1 

H 

acetylene dibromide 


1 

H 

acetylene tetrabromide 


The reaction of bromine (and bromine-water) with acetylene occurs very 
much less readily than with ethylene. This slower reaction is also in 
marked contrast to the action of chlorine-water with acetylene which 
occurs with explosive violence. Acetylene, therefore, must not be tested 
with chlorine or chlorine-water unless special safety precautions are 
observed. 

C 2 H 2 + CI 2 -> 2C + 2HC1 

The addition reactions of acetylene with the hydrogen halides (HC1, etc.) 
should be noted because of the formation of unsymmetrical di-halides in 
which both the halogens are on the same carbon atom— 


H 

l 




H 


H 

1 

C 

H 

H- 

-C 

H 

H—C—H 

III + 


- 

-> 

II + 

1 

- 1 

c 

1 

Br 

Br- 

-C 

l 

Br 

Br—C—Br 
l 

H 




H 


1 

H 

acetylene 



vinyl bromide 


ethylidene dibromide 


The alternative reaction in which the second molecules of HBr adds on to 
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»Br—CH 


does not occur. The rule governing this type of addition is known as 
Markowmkoff s Rule. This states simply, to borrow a phrase from the 
Bible, that to him that hath shall be given.” Thus, in the above reaction 
the carbon atom with the most hydrogen is the carbon atom which 
receives the additional hydrogen atom of the hydrogen bromide. Note 
that the univalent radical CH 2 =CH— is known as vinyl, the compound,’ 
LH 2 -LHBr being known therefore as vinyl bromide. 

Addition of hydrogen to form first ethylene and then ethane occurs 
when a mixture of acetylene and hydrogen is passed over a finely divided 
mckel catalyst at about 150°C (Sabatier and Senderens reaction), or through 
a colloidal solution of platinum at ordinary temperatures. 

c 2 h 2 ■+■ h 2 —> C 2 H 4 -f- h 2 —> c 2 h 6 

Oxidation of acetylene occurs readily. Thus with alkaline potassium 
permanganate, a brown precipitate of manganese dioxide quickly forms 

Wlt ^« a j tranSlent formatlon of the green potassium manganate. With 

coloudess P ° taSS1Um perman S anate ’ the col °ur change is from purple to 

.„ The Jf aCt,0n of acet ylene with sulphuric acid is very important industri¬ 
ally When acetylene is passed into a warm solution of sulphuric acid 

containing a small amount of a mercuric salt as catalyst, the very important 
compound acetaldehyde is formed. y P 


H 

1 


H 


H 

I 


1 

C 

H- 

-C 

H- 

-C—H 
| . 


III + h 2 o 

— > 

II + H 2 o 

-c 

1 

— > 

ru c*/ 

c 

1 

H- 

H- 

-C--OH j 

A • f 

CH 3 - c \ 

1 

H 




1 i : 

acetaldehyde 


OH 


O ; H 



Ji n? “"junction with the manufacture of acetylene from 

used m c Car t u e ’ Sh T $ h ° W the VaSt de P° sits of carbon (coal) may be 
' h “, t0 synthesize a host of important compounds and materials, some of 
which are shown in the table on p. 882. 

!. r ! , n talli r C 7u OUn r dS ' Acetylene (and other homologues possessing the 
^ H ,, , rm metalllc derivatives known as acetylides. The 

solid! d n ° f th r a ka i and alkaIlne earth metals are comparatively stable 
otids and are formed by passing acetylene over the heated metal— 

C 2 H 2 + 2Na -> H 2 + Na 2 C 2 


sodium 

acctylide 


With water these acetylides react to liberate acetylene- 

CaC,«+ 2H 2 0 ^ Ca(OH) 2 + C 2 H 2 
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paraffin, olefine and acetylene hydrocarbons 

COKE CALCIUM CARBIDE <- QUICK-LIME 


ACETALDEHYDE 



Halogen Compounds 


Chlorprene 

} 

Synthetic rubber 


ALCOHOL 



Butyl alcohol 


ACETIC ACID 


i 


I 

Ethylene 


I 


Esters 


Acetone 


Ethyl 

acetate 


Cellulose 

acetate 


i 

I 

Acetone 


The acetyhdes of the baser metals (copper and silver, for example), 

bv'water w'ArfiT com P ounds when dry, and are not decomposed 
h , W ” h dl U aCldS ’ however - the y react to liberate acetylene, a 
method which is sometimes used to prepare small quantities of the pure 

gas. Silver acetylide, Ag 2 C 2 , is formed as a white insoluble powder when 

acetylene is passed into an ammoniacal solution of silver nitrate. Similarly, 

when acetylene is passed into an ammoniacal solution of cuprous chloride, 

a red precipitate of cuprous acetylide, Cu 2 C 2 , is formed. These acetylides 

may be handled with safety when wet, but on no account should they be 
dried. 7 

Polymerization. When acetylene is passed through a tube heated to 
dull redness, a small quantity of benzene is formed— 


3C 2 H 2 


c 6 h 6 

benzene 


This is an example of a polymerization reaction, 
polymerizes to form mesitylene— 

CH 3 CHo 


Allylene similarly 




H.C 


C. H 


CH,. C 


C. CH 




H—C 


CH 


3‘ 


C—H 


C C—CH; 

\q/ 


H 


H 

mesitylene 
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Note that polymerization results in the formation of a new compound with 
the same general formula as the monomer, as expressed in the equation— 

Monomer , n(A) -> Polymer , (A) n 

Formula of Acetylene. The arguments put forward for the double bond 
in ethylene apply also to the triple bond in acetylene. On Baeyer's Strain 
theory, the very great reactivity of acetylene results from— 

(a) The strain involved in forming a triple 
bond between three pairs of tetrahedrally 
disposed carbon valency bonds, and 

( b ) the increased internal energy which 

results from the two carbon atoms being 
closer together than in ethylene and in Fig. 260. Structure of 
ethane (T20A, cf. T34 A in ethylene and Acetylene 

1-54 A in ethane). 

Acetylene Series 

The members of this series have the general formula C n H 2rJ _ 2 , but the 
names are not systematic as in the case of the paraffin and olefine series. 

Paraffins Olefines Acetylenes 

Methane, CH 4 — — 

Ethane, C 2 H 6 Ethylene, C 2 H 4 Acetylene, C 2 H 2 

Propane, C 3 H 8 Propylene, C 3 H 6 Allylene, C 3 H 4 

Butane, C 4 H 10 Butylene, C 4 H 8 Crotonylene, C 4 H 6 

Isomerism may occur as in the ethylene series due to (#) chain isomerism 
and (6) position of the triple bond isomerism. The resulting compounds 
are also isomeric with the corresponding di-olefines (that is, compounds 
having two double bonds), and in certain cases with unsaturated ring 
compounds. Thus compounds having the formula C 5 H 8 include— 

Acetylenes 

CH 3 —CH 2 —CH 2 —C=CH; CH 3 —CH 2 —C=C—CH 3 ; 


Di-olefines 

CH 3 —CH = CH—CH=CH 2 ; 
Unsaturated Ring Compounds 



CH=CH 




CHAPTER 29 


ALKYL HALIDES 

The first of the homologous series to be studied after the paraffins, the 
olefines and the acetylenes, is that of the alkyl halides. These may be 
regarded as paraffins in which one of the hydrogen atoms has been replaced 
by a halogen atom; for example, methyl chloride, CH S C1. The alkyl 
halides are particularly important because of the ease with which the 
halogen atom can be replaced by other radicals to form a large number of 
different organic compounds. Examples of these reactions are given later 
in the present chapter on p. 886. 

There are four homologous series of alkyl halides, each having the 
general formula, C n H 2n+1 X, in which “X” may be F, Cl, Br or I. Little 
is known about the alkyl fluorides, but the chlorides, bromides and iodides 
are well known to all organic chemists. In the following table are given 
the boiling points of the earlier members of each series, and also their 
state (that is, whether gas, liquid, or solid) at ordinary temperatures. 


Table 115 

Boiling Points of Simple Alkyl Halides 


Alkyl- 

Chloride 

Bromide 

Iodide 

Boiling Point 

1 

State 

Boiling Point 

State 

Boiling Point 

State 


(°Q 

| 

(°Q 


1 

(°Q 

1 

Methyl- . 

- 23-7 

Gas 

+ 4-5 

Gas 

+ 45 

Liquid 

Ethyl- 

+ 12-2 

Gas 

38-4 

Liquid 

72-8 

Liquid 

n-Propyl- . 

46-5 

Liquid 

71-0 

Liquid 

102*5 

Liquid 

iso-Propyl- 

36-5 

Liquid 

600 

Liquid 

89*5 

Liquid 


In the general methods for preparing these alkyl halides described 
below, the examples chosen are liquid alkyl halides because of their 
greater ease of collection compared with gases and their more frequent 
use in preparing other organic compounds. 

General Methods of Preparation 

From Paraffins. It has been stated, in connexion with the reactions of 
the paraffins, that direct reaction occurs with the halogens to form various 
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substitution products. As a method for preparing particular alkyl halides, 
however, the method is practically useless, since the reaction cannot be 
controlled and results in a complex mixture of various mono-, di-, tri-, etc., 
halogen substitution products. 

From Alcohols. Two general methods are available— 

(a) The reaction— 


OH + H 


is reversible. The presence of a dehydrating agent is therefore necessary 
to remove the water product and so minimize the back reaction. Like 
most organic reactions, the reaction also occurs comparatively slowly at 
ordinary temperatures, but the rate may be increased by increasing the 



temperature. The reaction is therefore carried out under anhydrous 
conditions in the hot in the presence of a dehydrating agent. 

(i) In Groves process the reaction is carried out by passing the dry 
hydrogen halide gas (e.g. HBr) into a heated mixture of absolute alcohol 
and anhydrous zinc chloride. 

(ii) A modification is to heat the absolute alcohol with a mixture of 
concentrated sulphuric acid (in excess) and potassium bromide (or other 
halide). The sulphuric acid serves both to liberate the anhydrous hydrogen 

romide and also to remove the water liberated in the reaction. The 
sulphuric acid is added slowly to the alcohol in the flask (with the usual 
precautions), and then after adding some coarsely ground potassium 
romide the apparatus is assembled as in the diagram above. The ethyl 
bromide collects as heavy oily drops under water in the receiver. The 
ethyl bromide is then separated, any acid neutralized by shaking with 
sodium carbonate solution, and finally, after separating the latter and wash¬ 
ing with water, it is dried with anhydrous calcium chloride. 
il 1 ^ convenient method, particularly suited for the preparation of the 
a yl bromides and iodides, is to heat the alcohol with the phosphorus 
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halide. In the case of the chlorides, phosphorus penta- or tri-chlorides 

may be used, but for the bromides or iodides, the phosphorus halide is 

prepared in situ by adding bromine or iodine to a mixture of alcohol and 
red phosphorus. 

R—OH + PC1 5 = RCI + POCl 3 + HC1 


R- 

-OH 


/ 

R- 

-OH + P- 


\ 

R- 

-OH 


/Br 

_Br = 3RBr + H 3 PO 
\Br 


3 


A little used method is the addition of the hydrogen halide to an olefine— 

C 2 H 4 + HI = C 2 H 5 I 

Properties. The alkyl halides are usually colourless liquids, insoluble in 
water but very soluble in organic solvents. The lower members are either 
gases (e.g. CH 3 C1) or liquids (e.g. CH 3 I), but the melting points and boiling 
points increase as in other homologous series with increase in molecular 
weight. In general, the chlorides have the lowest melting points and 
boiling points, the bromides about 25° higher and the iodides about 
40—50° higher again. 

Chemically, the alkyl halides are remarkable for the ease with which the 
halogen atom may be replaced by other substituent groups. This reactivity 
makes the alkyl halides extremely important as reagents in the preparation 
of other organic compounds. In this connexion, it should be noted that 
the iodides are the most reactive and the chlorides the least. Examples of 
the various reactions of the alkyl halides are shown below. 


1. Reduction with nascent hydrogen (e.g. by means of a Zn/Cu couple 
and ethyl alcohol—see p. 863) gives the corresponding paraffin— 

C 2 H 5 I + 2H = HI + G>H g 

ethane 


2. Removal of the halogen by sodium in ethereal solution (Wurtz 
Synthesis —see p. 863) produces, momentarily, the free alkyl radical, two 
of which unite to form the higher paraffin. Mixtures of alkyl halides 
similarly give mixtures of higher paraffins— 


CoH 


2* *5 


CoH 


2 AX 5 



= C 4 H 10 + 2NaI 


3. Aqueous potassium hydroxide slowly hydrolyzes the alkyl halide to 
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form the corresponding alcohol. This hydrolysis also occurs on boiling 
the halide with water. 



OH = C 2 H 5 OH + KI 


4. Alcoholic potassium hydroxide, however, reacts differently to form 
the olefine (see p. 869)— 

C 2 H 5 I + KOH = C 2 H 4 + KI + H 2 0 

5. Sodium ethoxide reacts with alkyl halides to form ethers — 

J 

OC 2 H 5 = Nal + C 2 H 5 OC 2 H 5 

ether 

This is an example of Williamson's reaction. 

6. Potassium cyanide reacts with alkyl halides to form compounds 
known as nitriles or cyanides — 



c 2 h 5 



CN 


KI + C 2 H 5 CN 

ethyl cyanide 
or propio-nitrilc 


The name, propio-nitrile, is obtained from that of the fatty acid, i.e. 

propionic acid, which it produces by hydrolysis on boiling with dilute 
acids. 


as 


7. Silver cyanide on the other hand forms a class of compound known 
iso-nitriles or iso-cyanides — 


c 2 h 5 



CN = Agl 


c 2 h 5 nc 

ethyl isocyanide 
or 

propio-isonitrile 


8. Silver nitrite reacts v/ith alkyl halides to form a mixture of nitrites 

and nitro-compounds — 

.I C 2 H 5 .O.NO 

I + Ag:N0 2 <* ethvl nitrite 

. 1 c 2 h 5 no 2 

nitro-e thane 


OH 


2**5 


Agl 


9. Ammonia reacts with the alkyl halides to form various 


amines- 


QH, 



NH 2 = HI + C 2 H 5 NH 2 

ethyl amine 


29—(T.447) 
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hp 0 ™! 6 h lher T Z u° ns that OCCur with alk y> halides mention only can 
be made here of the very important reactions which occur with (a) 

aceto-acetic ester, (A) Gngnard reagents and (c) malonic ester. 

ch derivatives of the P ar£ >ffins, for example methylene 
chlor.de, CH 2 C1 2 are not important. They are prepared by the reduction 

for example— P ° ndln8 ’ CaSlly pre P ared> tr '-halogen derivative as, 

CHC1 3 + 2H = CH 2 C1 2 + HC1 

chloroform 

Of the tri-halogen derivatives of the paraffins, chloroform and iodoform 
are particularly important. 

Chloroform, CHCI 3 , is prepared by the action of a hypochlorite, such 

iru mru f° n alcoho] ’ acetaldehyde, (CH 3 . CHO) or acetone, 
r li • 3 ’ The h yP° c hlorite behaves virtually as if it were composed 

of chlorine and the alkaline hydroxide, the following reactions taking 


(a) With alcohol. 

(i) Oxidation to acetaldehyde— 

C 2 H 5 OH 4- Cl 2 = CH 3 . CHO + 2HC1 

( 11 ) Chlorination of the methyl group of the acetaldehyde to give 
chloral— & 

CH 3 . CHO 4- 3C1 2 = CC1 3 . CHO + 3HC1 

(iii) Hydrolysis of the chloral by the alkali to give chloroform and 
the formate— 


CC1 



H = CHC1 


H.COONa 

sodium formate 


(b) With acetaldehyde. The reactions are those of (ii) and (iii) above. 

(c) With acetone. Two stages may be traced here— 

(i) Chlorination of one of the methyl groups— 

CH 3 . CO . CH 3 + 3Clo = CC1 3 . CO . CH 3 + 3HC1 
(ii) Hydrolysis with the alkali— 


CC1 


CO . CH 3 + NaO H = CHCL + CH^. COO Na 


sodium acetate 


Since acetone is cheaper than acetaldehyde or alcohol, it is usual to 
prepare chloroform by this latter method using bleaching powder. The 
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bleaching powder is made up to a thin paste with water, and the acetone 

added. The flask is fitted with an upright reflux condenser. After a few 

minutes the reaction usually starts spontaneously and it may be necessary 

to moderate the reaction in the early stages by dipping the flask into cold 

water. When the initial fairly vigorous reaction has subsided, the flask is 

then heated on a boiling-water bath for a further 5-10 min to complete 

the reaction. The apparatus is then rearranged, as in Fig. 261, p. 885, and 

the chloroform distilled over. The chloroform, which usually contains 

some hydrochloric acid, is neutralized by shaking with a dilute solution of 

sodium hydroxide, and the heavy chloroform layer than separated and 

dried over anhydrous calcium chloride. Pure chloroform may then be 

obtained by redistillation, the fraction boiling between 60°-63°C being 
collected. 

Properties of Chloroform. Chloroform is a colourless liquid, boiling 
point 61°C, and has a characteristic sweetish smell. It is used in organic 
chemistry as a solvent, and in medicine as an anaesthetic. The tendency of 
chloroform to decompose slowly on exposure to air and light to form the 
very poisonous carbonyl chloride (or phosgene, COCl 2 ) 


CHC1 3 + O = COC1, + HC1 


is counteracted by storing the chloroform in well-stoppered dark-blue or 
brown glass bottles. About 2 per cent of alcohol is also added to reduce 
the rate of this decomposition and to convert any phosgene into the 
relatively harmless diethyl carbonate— 


c 2 h 5 o!h ck 

! I 

“T 

C,H,OiH Cl/ 


>c=o 


c 2 H 5 o 


>C = Q 4- 2HC1 


c 2 h 5 o 

di-ethyl carbonate 


Chemically, the most characteristic reaction of chloroform is the 
formation of an evil-smelling isocyanide when it is warmed with 
a coholic sodium hydroxide and a primary amine, such as aniline. 


CHCI 3 + R . NH 2 + 3NaOH = R . NC + 3NaCl + 3H 2 0 

Since the isocyanide odour is extremely persistent and also poisonous this 
reaction should be carried out in a test-tube with only small quantities 
ol the reagents (e.g. a few drops of aniline are quite sufficient). Once the 
odour of the isocyanide has been detected, the test-tube should be cooled 
and excess of concentrated hydrochloric acid carefully added to destroy 
t e isocyanide. The isocyanide or, as it is also called, carbylamine reaction 
is specific for primary amines, but not for chloroform since iodoform, 
carbon tetrachloride, etc. behave similarly. 
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When chloroform is heated with aqueous alkalis, hydrolysis occurs to 
form the corresponding salt of formic acid— 



/ 

c- 

\ 


/Cl 

-Cl 

\C1 


NaiOH 

t 

t 

NaiOH 


NaiOH 


3NaCl + 


/ /OH v 

/ ! 

H—C—OH , 

\ i 

V x OH/ 



formic acid 


H . COOH + NaOH -» H 2 0 + H . COONa 

sodium formate 

Iodoform, CHI 3 , is prepared by methods similar to those described 
above for chloroform, except that potassium iodide is added in addition 
to the hypochlorite. The two latter may be considered to form the hypo- 
iodite, which then reacts with the alcohol or acetone, etc. 

CoHjOH —-> CH 3 . CHO —-CI 3 . CHO CHI 3 + H . COONa 

CH 3 . CO . CH 3 ■—-+ CI 3 . CO . CH 3 CHI 3 + CH 3 . COONa 


The reaction may conveniently be carried out in a test-tube by adding 
sodium hypochlorite solution to a mixture of acetone, potassium iodide 
solution and sodium hydroxide solution. ( Note , the NaOCl must be added 
last.) Crystals of iodoform (m. p. 120°C) soon begin to separate as a heavy 
pale-yellow solid with a characteristic odour. This iodoform reaction is 
often used as a test for compounds containing the groups CH 3 —CH(OH)—, 
as, for example, in ethyl alcohol, and CH 3 —CO—C< as, for example, 
in acetone. 

Iodoform is much used in surgery as an antiseptic agent. 

Carbon Tetrachloride, CC1 4 , is a colourless, pleasant-smelling liquid 
which finds considerable use industrially as a solvent and, on account of 
its non-inflammability, as the liquid filling in Pyrene fire-extinguishers. 
Since, however, it reacts explosively with molten sodium (chloroform also), 
pyrene fire-extinguishers must not be used against sodium fires (see also 
sodium-fusion test, p. 1021). Precaution should also be taken against the 
poisonous carbonyl chloride which is formed if used in connexion with 
magnesium fires— 

CC1 4 + H 2 0 = COCl 2 + 2HC1 

Carbon tetrachloride is prepared commercially— 

(a) By passing chlorine into carbon disulphide in the presence of 
iodine or aluminium chloride as catalyst. 

CS 2 + 3C1 2 = CC1 4 + S 2 C1 2 

sulphur 

mono-chloride 
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(b) By the action of sulphur monochloride on carbon disulphide in 
the presence of iron as a catalyst. 

CS 2 + 2S 2 C1 2 = CCI 4 6S 

Solvent Properties of Chlorinated Hydrocarbons 

Chlorinated hydrocarbons, as a class, are excellent solvents for oils, 
greases, waxes, rubber and many resins, and this property coupled with 
their non-inflammability accounts for their wide use in many industrial 
operations, such as metal degreasing and as solvents for the cellulose 
esters, rubber, resins, etc. The most important members of the group, in 
addition to carbon tetrachloride are ethylene dichloride, trichlorethylene 
(“Westrosol”), tetrachlorethane (“Westron”) and tetrachlorethvlene.' 


Solvent 

Formula 

Boiling Point (°C) 

Methylene dichloride 1 

CHoC1 2 

42-0 

Chloroform 

CHCF 

61 *2 

Carbon tetrachloride 

CC1 4 

76-8 

Dichlorethane 

CH 2 C1 . CHoCl 

83-7 

Tetrachlorethane. 

CHClo . CHClo 

145-0 

Trichlorethylene . 

CHCf = CC1 2 

86-7 

Tetrachlorethylene 

CC1 2 = CC1 2 

1200 


Tetrachlorethane is formed by the direct action of chlorine on acetylene_ 

C 2 H 2 + 2C1 2 = CHC1 2 —CHC1 2 

in the presence of antimony pentachloride. 

Trichlorethylene, CHC1:CCI 2 , may be prepared from tetrachlorethane 
by warming with milk of lime— 

C 2 H 2 C1 4 — HC1 -> CHC1 :cci 2 

Because of its extremely high solvent properties for oils, grease, tars, 
gums, rubber and many resins, and its relatively low toxicity compared 
with other chlorinated hydrocarbons, trichlorethylene is by far the most 
extensively used organic degreasing solvent. It is not inflammable and 
does not form explosive mixtures with air. Its low specific heat and latent 
neat of vaporization make it especially useful in hot solvent and vapour 
degreasing plant. In addition, its low surface tension enables trichlorethy¬ 
lene to penetrate readily into materials and crevices thus increasing its 
degreasing efficiency. 8 

Pure trichloroethylene is used, as “Trilene,” in gynaecological opera¬ 
tions because of its mild anaesthetic properties. 
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THE ALCOHOLS AND ETHERS 
THE ALCOHOLS 

The monohydric alcohols (or, simply, alcohols) may be regarded as 
paraffins in which one hydrogen atom has been replaced by the univalent 
hydroxyl group, (—OH). Thus, methane may be regarded as the parent of 
methyl alcohol, CH 3 OH; ethane of ethyl alcohol, C 2 H 5 OH, and so on. 

/ H 

CH 3 —CH 3 -* CH 3 —C—OH 

ethyl alcohol 

Their general formula, therefore, is C„H 2 „ +1 OH. Ordinary alcohol is the 
second member of the series, and is more correctly known as ethyl alcohol. 

Methyl Alcohol, CH 3 OH, is known also as methanol and as wood spirit. 
It is obtained commercially by two processes— 

1. Destructive Distillation of Wood. When wood is destructively 
distilled in iron retorts in the absence of air, the products obtained are— 

(i) an inflammable gas, composed mainly of hydrogen and methane; 

(ii) an aqueous distillate, known as pyroligneous acid; 

(iii) wood-tar; and 

(iv) a residue of wood-charcoal. 

The approximate proportions of these four products are, respectively, 
25, 45, 5 and 25 per cent. 

Pyroligneous acid is a mixture of various compounds, the most important 
of which are methyl alcohol (1-2 per cent), acetic acid (10 per cent), 
acetone (0-1 to 0-5 per cent) and water. The acetic acid is first removed as 
the insoluble calcium acetate by adding milk of lime, and the liquid is then 
fractionally distilled to give crude methyl alcohol (or wood-spirit) con¬ 
taining about 70 per cent of methyl alcohol and 16 per cent of acetone 
together with small quantities of other organic compounds. Further care¬ 
ful fractional distillation serves to remove most of the acetone and other 
compounds, but if pure alcohol is required purification by chemical 
methods are necessary. One such method is to remove the methyl alcohol 
as its compound with calcium chloride, CaCI 2 .4CH 3 OH, which is 
separated by filtration. On subsequent heating, pure methyl alcohol is 
liberated and may be collected by condensing the vapours. It may then 
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be dried by means of quick-lime, and the last traces of water finally 
removed by treatment with metallic sodium. 

2. Synthetic Process. Nowadays, most methyl alcohol is made by 
synthesis from carbon monoxide and hydrogen (for example, hydrogen- 
enriched water-gas). Water-gas, prepared by blowing steam through a bed 
of red-hot coke 

C + H 2 0 -> CO -f- H 2 

steam 

is mixed with more hydrogen to bring the proportion of hydrogen to 
carbon monoxide in the gas up to the proportions required by the reaction— 

CO -f 2H 2 = CH :i OH 

and then passed under very high pressures (of the order of 300 atmospheres, 
that is, 4500 lb in. 2 ) through reaction vessels at 300°C containing a catalyst, 
such as copper mixed with oxides of zinc, aluminium, chromium or 
manganese. The issuing gases, containing more than 60 per cent of 
methyl alcohol, then pass under pressure to condensers which remove the 
methyl alcohol and permit the unchanged gases to be returned together 
with fresh gases, to the catalyst chambers. The alcohol produced by this 
process is very pure (99 per cent), but if the process is carried out at higher 
temperatures (greater than 350 C) increasing quantities of higher alcohols 
are produced at the same time. 

Mention has been made earlier of the Fischer-Tropsch process (see p. 372) 

which also uses carbon monoxide and hydrogen as the starting materials. 

In this process, the mixture of carbon monoxide (1:2 by volume) is passed 

over a catalyst composed, for example, of cobalt (100 parts), thorium oxide 

C> parts), magnesium oxide (8 parts) and kieselguhr (200 parts) at about 

170 to 220 C at ordinary pressures to form a mixture of hydrocarbon vapours 

and steam. The ultimate products are similar to those obtained in the 

refining of petroleum, i.e. “gas oil,” spirit, middle oil, heavy oil, soft wax 
hard wax, etc. 

Properties. Methyl alcohol is a colourless liquid, miscible with water in 

all proportions. It boils at 64 6 C, and burns in air with a pale non- 

lu mi nous flame. It is neutral in its reactions. Unlike ethyl alcohol 

(or ‘alcohol”), methyl alcohol is poisonous and its consumption may lead 

to blindness, insanity and eventual death. It is used commercially as a 

denaturant for ethyl alcohol (thereby rendering the latter unfit to drink), as 

an anti-freeze in motor-car engines, as a solvent for ethyl cellulose, shellac 

(spirit varnish), soft-formaldehyde resins, castor oil, etc., as a refrigerant 

(m.p. — 97 C) and also chemically as a methylating agent in the manu¬ 
facture of other organic compounds. 

fru h nM Cally ’ U reacts vvith metallic sodium to form sodium methoxide 
W H 3 ONa), and may be converted into the methyl halide via phosphorus 
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penta-chloride (or via red phosphorus and bromine or iodine). With 
concentrated sulphuric acid in the warm it forms methyl hydrogen sulphate 
and a little dimethyl sulphate— 

ch 3 oh + h 2 so 4 -* ch 3 . hso 4 + h 2 o 

2 CH 3 OH + H 2 S0 4 -> (CH 3 ) 2 S0 4 + 2H 2 0 


With organic acids reaction occurs in the presence of a dehydrating agent 
to form the corresponding methyl ester (see p. 940)— 


CHo. CO 



CH 3 . COOCH 3 

methyl acetate 


Methyl alcohol is easily oxidized, for example by permangante or 
dichromate to form formaldehyde and then formic acid— 

CHoOH —-> H . CHO H . COOH 

u 

formaldehyde formic acid 


WXXXVXXWNXVXVWXWWWNXXWXV 



Glowing Platinum 
Spiral 


This oxidation may be demonstrated very neatly in the laboratory by 
lowering a glowing platinum spiral into a beaker containing slightly 

warmed methyl alcohol, as shown in 
the diagram. The oxidation occurs 
catalytically on the surface of the 
platinum wire, and the heat liberated 
is sufficient to keep the latter red-hot. 
The acrid odour of formaldehyde 
soon becomes noticeable. Methyl 
alcohol vapour and air mixture may 
similarly be ignited by contact with 

FIG. 262. Catalytic Oxidation of very finely divided platinum (platinum 

Methyl Alcohol black) even at ordinary temperatures. 





Warm Methyl 
Alcohol 


Formula of Methyl Alcohol 

(a) Qualitative analysis (see p. 1021) shows methyl alcohol to be com¬ 
posed of carbon, hydrogen and oxygen. 

(b) Quantitative analysis and determination of the vapour density shows 

the molecular formula to be CH 4 0. 

(c) Only one hydrogen atom is replaced by reaction with metallic 

sodium, so that this hydrogen atom must play a different role in the 
molecule than the three remaining hydrogen atoms— 

2CH 4 0 + 2Na -> 2CH 3 ONa + H 2 

(d) Reaction with PC1 5 replaces one H and one O by a Cl atom— 

CH 4 0 (4- PClg) — CH a Cl 
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(e) These two reactions may be explained by giving methyl alcohol the 
formula— 


H 

^^CH 3 ONa 

sodium 

C—O—H 

meihoxide 

tL pcir^ 


H 

^CH :i Cl 


methyl chloride 


Detection. Its reactions establish it to be an alcohol. It may be dis¬ 
tinguished from the closely similar ethyl alcohol by— 

(i) The formation of methyl salicylate (“Oil of Wintergreen,” the 
familiar odour associated with most' tooth-pastes) on warming with 
salicylic acid and a little concentrated sulphuric acid— 




CO OH + H OCH. 


3 



OH 



GOOCH 
OH 

methyl salicylate 


(ii) Methyl alcohol does not give the iodoform reaction (see p. 901)* 

ethyl alcohol does. K 

Ethyl Alcohol, C 2 H-OH, the second member of the alcohol series, is by 

lar the most important of these compounds and for this reason is often 

known simply as “alcohol.” It is present in all alcoholic beverages (beers, 

wines, spirits, etc.) in concentrations varying from about 2 per cent to 

40 per cent or more. Even larger quantities of the more or less pure 

alcohol are also produced nowadays for industrial usage. Although 

increasing quantities are being produced by direct synthesis (for example, 

rom ethylene), the bulk of the world's supply of alcohol is still produced 

y the age-old method of fermenting certain sugars which are contained in, 

or may be obtained from, naturally occurring substances, such as starches, 

rui juices, grain, sugar-beet, etc. The industry, however, has become 

very highly specialized in recent years, and fermentation is now a very 

important industrial method for producing not only alcohol but also such 

compounds as acetone, butyl alcohol, acetic acid, citric acid, lactic acid 
and more recently penicillin. 

Fermentation. The growth of our present-day knowledge of fermenta- 
ion is mainly due to the fundamental work of Louis Pasteur, who showed 
a ei mentation is directly caused by the life-processes of minute 
rganisms, such as those present in yeast. These micro-organisms feed on 
game materials and in the process convert these substances into different 
game substances. The life of these organisms is very short (of the order 
minutes) but this is compensated by their very high rate of reproduction. 
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In 1897 Buchner modified these views by showing that the living yeast 
cell is not necessary for fermentation, but that the clear liquid extracted 
from yeast under heavy pressure is equally capable of producing 
fermentation. This liquid extract owes its reactivity to the presence of 
certain very complex organic substances, which were termed enzymes. The 
growth of the living yeast cells result, therefore, in the production of these 
active enzymes, which in their turn bring about the very complex changes 
which occur during fermentation. These enzymes have been likened to 
organic catalysts, and just as there are numerous different catalysts for 
different reactions, so also are there numerous different enzymes, each 
with its own specific type of reactivity. The science of mycology is con¬ 
cerned with c assifying these different enzymes and with studying the 
precise conditions under which bacteria, moulds, yeast, etc. may be made 
to produce particular selected strains best suited for each particular 
fermentation process. Once a desired strain has been isolated it must 
be preserved under carefully controlled conditions so that it reproduces 
only itself and not other less suitable strains. The colony so developed is 
then maintained as a sort of reservoir to satisfy the day to day demands 
of the industrial fermentation process for which it was developed. No 
longer will just any yeast do to make industrial alcohol or alcoholic drinks 
(beer, etc.); instead, carefully selected strains, grown under scientifically 
controlled conditions, are used so as to obtain the maximum efficiency of 
fermentation and the minimum of unwanted by-products. 

Production of Alcohol by Fermentation. Alcohol is produced industrially 
by the alcoholic fermentation of various sugars, such as glucose, by the 
enzyme zymase present in living yeast cells. The reaction which occurs is— 

C 6 H 12 0 6 2C 2 H 5 OH + 2C0 2 31 000 cal. 

but other reactions may occur to a limited extent depending on the strain 
of yeast used. Some acetic acid (vinegar) and glycerol are also formed in 
increasing quantities towards the end of the fermentation process, pre¬ 
sumably by the fermentation reaction— 

2C 6 H 12 0 6 + H 2 0 -> C 2 H 5 OH + CH 3 . COOH + 2C 3 H 5 (OH) 3 + 2C0 2 

In the industrial production of alcohol other less expensive materials 
than glucose form the starting materials, the choice being determined in 
different parts of the world by the relative availability of these different 
materials. These latter fall, from their chemical nature, into two main 
classes— 

(a) Substances rich in starch , such as potatoes (used mainly in Russia 
and in Germany), grain (such as barley and corn), rice, etc. 

(b) Substances containing sugars , such as fruit juices, cane and beet 
sugar, or the molasses obtained from the manufacture of the latter (used 
principally in U.S.A. and in Britain). 
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Substances belonging to the starch family are first converted into sugars 
similar to those of the second group, and these then converted into 
alcohol by fermentation processes. 

Considering potatoes as typical of the former class, these are made 
into a pulp and treated with superheated steam to break down the cellular 
plant structure and release the starch granules. The starch is then con¬ 
verted into fermentable sugars by one of the two methods (a) or ( b) given 
below. 

(a) By adding about 5 per cent of malt to the mash at about 50°-60°C. 
The enzyme diastase present in the malt converts the starch into malt- 
sugar or maltose, C 12 H 22 O n , the process being complete in about a half 
an hour— 

(C 6 H 10 O 5 )„ diastase > Q2 H 22°11 

(Malt is obtained by keeping moist barley in the dark at about 15°C until 
the induced germination has proceeded to the requisite stage, followed by 
a slow process of drying and “curing*' in which the barley is heated over 
a period of days at increasing temperatures up to 90 to 110 C.) 

(b) By boiling with dilute sulphuric acid, and subsequently neutralizing 
the acid, the product in this case being a mixture of two sugars, dextrose 
and maltose. 

Yeast is then added to the sugar produced by either of the above methods 
and the fermentation allowed to proceed at a temperature not greater than 
33 C for periods of the order of two to three days. During this period, 
the disaccharides (that is, sugars with the molecular formula, C 12 H 22 O n ) 
are first hydrolyzed to monosaccharides (that is, sugars with the formula 
^ gH 12 0 6 ), and these latter then produce alcohol by alcoholic fermentation. 
The hydrolysis to the monosaccharides and the subsequent fermentation 
are brought about by particular enzymes present in the yeast. Thus, 
maltose is hydrolyzed by the enzyme maltase , cane-sugar or sucrose 
(present, for example, in the very important molasses or mother liquor of 
sugar manufacture) by the enzyme invertase , whilst the enzyme zymase 
effects the final conversion of the monosaccharides into alcohol and 
carbon dioxide— 

(i) hydrolysis— 

C 12 H 22 O n + H 2 0 -> 2 C c H 12 0 (; 

(ii) fermentation— 

C 6 H 12 O g -> 2C 2 H-OH f 2C0 2 

The alcoholic liquor produced at this stage is known as a “beer” and 
may contain from 6 -5-8*5 per cent of alcohol. This alcohol is recovered 
by distillation processes to produce raw spirit containing about 90 per cent 
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alcohol. Further fractional distillation then yields “rectified spirit,” 
which contains 95-95-6 per cent alcohol. No further increase in concentra¬ 
tion beyond 95-6 per cent can be effected by fractional distillation of 
alcohol-water mixtures since at this composition the alcohol-water mixture 
distils unchanged. Alcohol containing 4-4 per cent of water is said to be 
a constant boiling mixture. 

To produce absolute (i.e. anhydrous) alcohol, the modern process is 
to add some of a third liquid, such as benzene, and redistil. The water and 
benzene pass over first, leaving anhydrous alcohol behind in the distillation 
vessel. This process of azeotropic distillation has now almost entirely 
replaced the older process in which the 95 per cent alcohol was treated with 
quick-lime under pressure to remove the water, followed by distillation 
from fresh quick-lime. 


Alcoholic Beverages. The manufacture of alcoholic beverages by 
fermentation processes follows a similar series of reactions to those 
described above. It should be noted, however, that a fermented liquor 
cannot contain more than 16-17 percent of alcohol, since at this concen¬ 
tration the yeast is killed and the fermentation ceases. Beverages contain¬ 
ing higher concentrations of alcohol are produced, therefore, either by 
fortifying the liquor by adding rectified spirit, or by distilling the liquor 
to produce spirits (such as whisky, brandy, etc.). 

The earliest fermented liquors known in Britain were mead (from 
honey), beer (from barley) and cider (from apples), but wines produced by 
the fermentation of grapes were known in other parts of the world from 
the earliest times. The latter are produced by allowing the juice of grapes 
to ferment spontaneously on storage, the necessary enzymes being pro¬ 
duced by organisms present on the grape-skins. Brandy is made by the 
distillation of wine made from a particular variety of grape, and may 
contain about 50 per cent of alcohol. Whisky is made similarly by distilling 
the fermented liquor obtained from malted barley and yeast. Rum is made 
by fermenting treacle or molasses and twice distilling the product; its 
peculiar “rum” flavour is due to traces of formic and butyric esters. 
Vodka is made by distilling the fermented liquor from potatoes, whilst 
gin is made by adding juniper berries and other substances such as liquorice 
to alcohol and redistilling, the alcoholic distillate then containing various 
flavouring matters extracted from these substances. Liqueurs are made by 
dissolving large quantities of sugar in alcohol and subsequently adding 
various flavouring and colouring materials. 

Production of Alcohol from Ethylene. A newer process, likely to increase 
in importance, prepares alcohol from ethylene which is obtained by the 
catalytic cracking of petroleum and also from coke-oven gases, by the 
reaction— 

CoH d + H.O -> C 2 H 5 OH 


steam 
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This reaction is carried out by passing a mixture of ethylene and steam 
(l ;2 by volume) under high pressure through a suitable reaction vessel at a 
temperature of about 200 C. About 20 per cent conversion of the gases 
to alcohol occurs. The uncombined gases, however, are not wasted but 
are returned together with fresh gas mixture to the reaction vessel. 

This process, however, suffers from the disadvantage of requiring a 
relatively concentrated source of ethylene. Weaker sources, containing 
as low as 30 per cent of the gas, are best treated by the indirect process. 
The ethylene is absorbed in 90 per cent sulphuric acid to form ethyl 
hydrogen sulphate and some diethyl sulphate— 


3C 2 Hj + 2H 2 S0 4 - C 2 H-HS0 4 + (C 2 H 5 ) 2 SO, 


The liquid product is then hydrolyzed by diluting and heating, and the 
resulting alcohol (and ether) then separated by distillation. The process 
sutlers from the disadvantage of handling, and having to concentrate, large 
quantities of sulphuric acid. 

Properties of Ethyl Alcohol. Ethyl alcohol is a colourless liquid, 
b.p. 78 C, and burns in air with a hot, pale-blue flame. Like methyl 
alcohol it is miscible with water in all proportions, but in the case of the 
higher alcohols, the solubility decreases with increase in molecular weight. 
Alcohol is the intoxicating principle in all alcoholic beverages and in an 
effort to control the indiscriminate consumption of these liquors a heavy 
tax or duty is imposed in most countries. Considerable quantities of 
tax-fiee alcohol are used, however, solely for undustrial purposes. 

To prevent illegal use of this alcohol as a beverage, it is denatured by 
the addition of various substances which make it dangerous to drink. The 
principal denaturant is methyl alcohol, but small quantities of other 
substances, such as pyridine and various dyestuffs, are also added to 
impart a disagreeable odour and taste. Methylated spirit (or industrial 
a cohol), for example, consists of ethyl alcohol to which has been added 
about 5 per cent of wood spirit (mainly methyl alcohol). Mineralized 
met ylated spirit contains about 10 per cent of wood spirit together with 
small quantities of pyridine, paraffin oils and dyestuffs. It should be noted 
t at all forms of denatured alcohol are very poisonous. 

Chemically, the principal reactions of ethyl alcohol are those already 
described for methyl alcohol, i.e.— 

1. Reaction with metallic sodium (or potassium)— 

2C 2 H 5 OH + 2Na = H 2 + 2C 2 H 5 ONa 

sodium ethoxide 

2 . Reaction with phosphorus halides— 

C 2 H 5 OH + PC1 5 = QH^Cl + POCl 3 + HC1 
C 2 H 5 OH (+ P + I 2 ) -* C 2 H 5 I 
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3. Reaction with acids to form esters — 

alcohol acid ^ ester -f water 

C 2 H 5 OH + HC1 -> C 2 H 5 C1 + h 2 o 

c 2 h 5 oh + h 2 so 4 -> c 2 h 5 hso 4 + h 2 o 
c 2 h 5 oh + CH 3 . COOH-> ch 3 . cooc 2 h 5 + h 2 o 

These reactions in which an alcohol reacts with an acid are known as 
esterification reactions. They are reversible and, under appropriate con¬ 
ditions, the resulting ester may be hydrolyzed back to the alcohol and acid. 
The student should compare the following two reactions— 

Base + Acid -> Salt Water 

NaOH + HC1 -* NaCl + H 2 0 


Alcohol 4* Acid -> Ester + Water 


C 2 H 5 OH + HC1 C 2 H 5 C1 + h 2 o 

The formal similarity of these two equations suggests that the ester is 
the organic counterpart of the inorganic salt. This analogy, however, 
should not be pushed any further since an alcohol is not a base, the 
ester is not a salt (it is, in fact, a purely covalent compound, insoluble in 
water and soluble in organic solvents), and, finally, the reaction itself 
occurs only slowly and is certainly not ionic. 

4. Oxidation converts ethyl alcohol into acetaldehyde, further oxidation 
of the latter then producing acetic acid— 

C 2 H 5 OH -2-- CH 3 . CHO -2_* CH 3 . COOH 

acetaldehyde acetic acid 

This reaction may be carried out, for example, by warming a mixture of 
potassium dichromate, dilute sulphuric acid and one to two millilitres of 
ethyl alcohol in a test-tube. 

The above reactions are general for all alcohols. Additional important 
reactions of ethyl alcohol include the following— 

With concentrated sulphuric acid, ethyl alcohol may be converted, by 
the intermediate formation of ethyl hydrogen sulphate, either into ethylene 
(see p. 869), or into di-ethyl ether (see p. 904), depending upon the con¬ 
ditions, namely— / 

100°C: formation of ester— 

c 2 h 5 oh 4- h 2 so 4 = c 2 h 5 . hso 4 + h 2 o 


140°C and excess alcohol: 

c 2 h 5 . hso 4 + 


formation of ether— 

/C 2 H 5 

hoc 2 h 5 - o x 

c 2 h 5 


h 2 so 4 


160°C and excess sulphuric acid: formation of ethylene— 

C 2 H 5 . hso 4 C 2 H 4 + h 2 so 4 
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Iodoform reaction (see p. 890). 

C 2 H 5 OH —^ CH 3 . CHO CI 3 . CHO -^5°”CHI 3 + H . COONa 

The reaction may be carried out in a test-tube by mixing ethyl alcohol, 
aqueous potassium iodide and sodium hydroxide solution, followed by 
sodium hypochlorite solution and gently warming. Pale yellow crystals of 
iodoform soon separate. 

Formula of Ethyl Alcohol. That ethyl alcohol has the formula— 

H H 

H—C—C—O—H 

H H 

may be shown by arguments similar to those put forward for methyl 
alcohol. 

Uses of Ethyl Alcohol. These may be classified into the four main 
categories of solvent, chemical intermediate, fuel and alcoholic beverages. 
Ethyl alcohol is extremely important as an industrial solvent. It is used 
to dissolve resins and shellac in the manufacture of lacquers, varnishes, etc., 
and as a solvent in the manufacture of hair-washes, transparent soaps, 
perfumes, and other cosmetic preparations. It is used as the parent com¬ 
pound in the manufacture of such compounds as acetone, acetic acid, 
ether, chloroform and butyl alcohol, etc., and as an intermediate in the 
manufacture of various dyestuffs and pharmaceutical products. Its usage 
as a fuel, for example in internal combustion engines, is limited mainly 
by the danger of its being diverted to illegal usages, but in many countries 
without natural petrol resources quantities (from 10-20 per cent) are added 
to conserve the petrol supplies. Petrol containing greater proportions of 
alcohol are used as the fuel in all modern high-speed engines, for example 
in speed-way cars and motor-cycles. 

Isomerism in the Alcohol Series 

Isomerism occurs with the higher alcohols due to (a) carbon-chain iso¬ 
merism, and (b) position of the (OH) radical in the carbon chain. Thus 
butyl alcohol has four isomers— 

ch 3 —ch 2 —ch 2 —ch 2 o h 

/i-butyl alcohol 


CH 3 —CH 2 —CH(OH)—ch 3 

secondary butyl alcohol 


CH 


CH 


CH—CH 2 OH 


iso-butyl alcohol 


CH- 


3 




CH, X 


C(OH)—CH 


tertiary butyl alcohol 
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Amyl alcohol similarly has eight isomers, the number of isomers increasing 
rapidly with ascent of the series. b 

Nomenclature. Considering the carbon atoms to which the (OH) 
radicals are attached in the above examples, it will be seen that these may 
be classified into three types— 

H 

l l l 

(0 —C—OH (ii) — C—OH and (iii) —C—OH 

A i 1 

Alcohols of the first type are known as primary alcohols; they are 
characterized by having the group, —CH 2 OH, in which the carbon atom 
is singly linked to one other carbon atom. 

Alcohols of the second type are known as secondary alcohols; they are 
characterized by having the group >CHOH, in which the carbon atom is 
singly linked to two other carbon atoms. 

Alcohols of the third type are known as tertiary alcohols; they are 
characterized by having the group, >C—OH, in which the carbon atom 
is attached to three other carbon atoms. 


Distinction between Primary, Secondary and Tertiary Alcohols 

Behaviour on Oxidation. Primary alcohols are easily oxidized to aldehydes 
and fatty acids which contain the same number of carbon atoms— 


/ u 


/ H 

R C H 

R- 

-C—OH 

\qh 


X)H- 



aldehyde 


acid 


Secondary alcohols are easily oxidized to ketones. Further oxidation 
only occurs with powerful oxidizing agents and results in fatty acids 
containing fewer carbon atoms— 






ketone 


and with powerful oxidizing agents 



R' . COOH and R 


CO OH 

(acids) 


Tertiary alcohols are not easily oxidized. Very strong oxidizing agents 
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disrupt the molecule to give a mixture of fatty acids each of lower carbon 
content than the initial alcohol— 


R 


// 


R — C—OH -> R" . COOH, R' . COOH and R . COOH 


R 


Note. The alcohols are easily oxidized if the C atom containing the 
hydroxyl radical also contains a hydrogen atom. This latter is oxidized 
to hydroxyl. If the resulting compound now contains two hydroxyl 
groups attached to the same carbon atom, it is unstable and loses a 
molecule of water to form a carbonyl <>C=O) group, e.g.— 


X 


H 


OH 


OH 


OH 


\ 


X=o 


Compounds, such as 

/ H X H R M 

R—C—H , R—and ')C< 

\ QH O R- OH 

are thus easily oxidized, whereas compounds, such as 

R 


R 


R' 


are not. 


C=O and R—C—OH 

/ 

R"/ 


Nitro-paraffin Test. The alcohol is converted into the alkyl iodide and 
thence, by distilling with silver nitrite, into the corresponding nitro¬ 
compound— 

Primary alcohol 


ch 2 oh 


Secondary alcohols 


CHOH 


CHoI -> —CH 2 . NO., 


CHI >CH . NO, 


Tertiary alcohols 


>COH >C . I >C . NO., 


. (a) 


. ( b ) 


• (O 


These nitro-compounds are then treated with nitrous acid, with which they 
react as follows— 


(a) 


CH 2 


o 


. NO 


: NOH 


C—NO, 


N. OH 

These compounds, known as Nitrolic 
adds, dissolve in alkalis to form 
dark red solutions. 





904 


THE ALCOHOLS AND ETHERS 




>c 



NO 


-NO 


>C—NO 


NO 

These compounds, known as pseudo- 
nitrols, dissolve in alcohol, ether, 
etc., to give blue solutions. 


>C . N0 2 does not react with nitrous acid. 


THE ETHERS 

The ethers are compounds of the type CH 3 —O—CH 3 , in which two alkyl 
groups are linked together through an oxygen atom. When the two 
alkyl groups are the same, the ether is said to be simple, but when the 
alkyl groups are different the ether is said to be a mixed ether. The ethers 
may be regarded as partial dehydration products of the alcohols, thus— 


C 2 H 5 —OH 

+ i 

C 2 H 5 -iOH 


CoH X 

o + h 2 o 

c 2 h/ 

di-ethyl ether 


CH 3 -OH 

4 - i 

C 2 H 5 -OH 

I 


CH 


O + H,0 


c 2 h 

methyl ethyl 
ether 


Di-ethyl ether is by far the most important of the ethers and is often 
referred to simply as “ether.” 


Preparation of Di-ethyl Ether 

1. From Alcohol. Ethyl alcohol is slowly added to a mixture of con¬ 
centrated sulphuric acid and ethyl alcohol heated to 140°C in apparatus 
as shown in the diagram opposite. 

c 2 h 5 oh + h 2 so 4 = C 2 H 5 . hso 4 + H 2 o 


CoH 


HSO* -f H OC 9 H, = C 2 H 5 . O . C 2 H 5 + H 2 S0 4 


Since, theoretically, the sulphuric acid is not used up in this reaction, 
it is often referred to as the continuous etherification process. In practice, 
however, various side reactions occur with reduction of some of t e 
sulphuric acid, and in addition the sulphuric acid becomes progressive y 
weaker, so that if large quantities of ether are being produced additiona 
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small quantities of concentrated sulphuric acid would have to be added 
periodically. 

The mixture of ether, water, unchanged alcohol and some sulphur 
dioxide which distils over is condensed and collected. After shaking with 
a solution of sodium hydroxide to remove the sulphur dioxide and some 
of the alcohol, the upper ether layer is then separated and dried over 
anhydrous calcium chloride (which also removes any residual alcohol). 
The dry ether is then redistilled and the fraction boiling between 34° 
to 39°C collected. 

Note: Special precautions against explosions and fire must always be 
observed when preparing and using ether. The liquid is very volatile and 



inflammable, and its vapour forms highly explosive mixtures with the air. 

This mixture may explode even when it has drifted some distance from its 

oiigin. In the above preparation, therefore, it is a necessary precaution to 

attach a length of rubber tubing to the receiving flask so as to conduct 

any uncondensed ether vapours to floor level away from contact with 
flame. 

2. From Alkyl Iodides 

{a) By Williamson's synthesis. This involves heating a mixture of the 
alkyl iodide and sodium alcoholate in alcoholic solution. The ether which 
distils over is collected and treated as above. 


R—O 


Na + I- 


-R' -v R—O—R' + Nal 


QH 6 


Na + I- 


C 2 H 5 > C 2 H 5 —O—C 2 H 5 H- Nal 
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( b ) By gently heating the alkyl halide with dry silver oxide. 


C 2 H 5 I 

c 2 h 5 i 



C.,H 


2 * *5 


CoH 


O + 2AgI 




Properties. Di-ethyl ether (or “ether”) is a colourless mobile liquid 
which boils at + 35°C. It has a characteristic pleasant smell but the 
vapour if inhaled produces unconsciousness and this explains its use as an 
anaesthetic (in conjunction with chloroform and alcohol, or with nitrous 
oxide and oxygen). Very low temperatures may quickly and easily be 
produced by rapidly evaporating liquid ether, for example, by blowing 
air through ether. Ether is only slightly soluble in water (alcohol is 
miscible in all proportions), and this limited solubility, coupled with its 
excellent solvent properties for organic substances, makes ether parti¬ 
cularly valuable for extracting such substances from aqueous solutions or 
suspensions. Thus, on shaking these solutions with ether, the organic 
substances dissolve preferentially in the ether. The upper layer of ether 
is separated via a separating funnel and the ether then removed by 
distillation or evaporation. 

Ether is very inflammable and its vapour forms explosive mixtures with 
air. As described above, special precautions must, therefore, be adopted 
when handling ether to avoid explosions and fires. 

Apart from this ease of ignition in air, ether is characterized by almost 
complete indifference to most of the common chemical reagents. Thus, it 
does not react with metallic sodium, with alkalis, nor with weak acids, 
whilst reaction with phosphorus pentachloride occurs only slowly on 

heating— 

C 2 H 5 —O—C 2 H 5 + PC1 5 -> 2C 2 H 5 C1 + POCl 3 
Reaction also occurs slowly on saturating ether with hydrogen iodide gas 

C 2 H 5 \j HI 

i>o + ! -> 2G>H 5 I + h 2 o 

c 2 h 5 /| hi 

Ether is not attacked by the ordinary oxidizing or reducing agents, but 
ozone converts it into an explosive peroxide. 


Formula of Di-ethyl Ether 

(a) Williamson's synthesis from ethyl iodide and sodium ethoxide 
suggests the formula CH 3 —CH 2 —O—CH 2 —CH 3 in which the two 
alkyl radicals are linked together through an oxygen atom. 

( b ) The alternative formula in which the oxygen is present as a hydroxyl 
(—OH) group, is disproved by the non-reactivity of ether with metallic 
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sodium, and also by its difficult reaction with phosphorus pentachloride 
in which no HC1 is liberated. (Compounds containing the OH group 
react with PC1 5 to form the corresponding chloride with evolution of HCl, 
and this reaction is often used to indicate the presence of this group in a 
molecule.) 

Isomerism. A new type of isomerism, known as metamerism occurs 
in the ethers. Metamerism is defined as isomerism involving radicals 
attached to a polyvalent element (e.g. —O—, —S—, etc.) in which the 
compounds are all of the same chemical type. Thus in the following 
examples, the compound having the formula C.,H J0 O may be any one of 
seven different compounds, which are therefore all isomers. The first three, 
however, are also ethers involving a di-valent oxygen atom and are known 
as metamers. The distinction is made clearer, perhaps, by the alternative 
definition of metamerism as isomerism in which all the carbon atoms are 
not directly united. 


O 


CH, 

ch 2 —ch.,—ch 3 

n-propyl methyl ether 


CH 3 —CH 2 — CH 2 —CH..OH 


n-butyl alcohol 


CH 


CH 


CH—CH 2 OH 


3 


iso-butyl alcohol 


/CH.,-CH, 

o< - 

ch 2 —ch 3 

/CH 3 

o< /CH 3 

ch( 

Vh 3 

di-ethyl ether 


iso-propyl methyl ether 

ch 3 —ch 2 

—CH(OH) CH, 


secondary butyl alcohol 


CH,. 

,C(OH)—CH 

ch/ 

tertiary butyl alcohol 
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ALDEHYDES AND KETONES 


The names aldehydes and ketones are given to two closely related classes of 
compound which have the same generic formula, C n H 2n O. Both are 
formed by oxidation of the alcohols, the aldehydes from the primary 
alcohols and the ketones from the secondary alcohols. 

/ /OH\ /H 

CH 3 . CH 2 OH -> CH 3 —CH< -> CH 3 —C<T or CH 3 —CHO 

\ X OH/ 

eihyl alcohol-> acetaldehyde 



iso-propyl alcohol - 



acetone or di-methyl ketone 


It is seen from these two examples that both aldehydes and ketones have 
the oxygen atom present in a carbonyl (>C=0) group, and this fact 
accounts for many of the similarities in properties shown by these com¬ 
pounds. Many of the reactions of these two classes of compounds, 
however, are somewhat different, and these differences are due to the 
presence of an easily oxidized and reactive hydrogen atom on the carbonyl 
group in the aldehydes. Aldehydes are thus characterized by the presence 
of the univalent aldehyde group, —CHO, and ketones by the bivalent 
ketone or carbonyl group, >C=0 as shown on p. 909. 

General Methods for Preparing Aldehydes and Ketones 

1. By oxidation of primary or secondary alcohols, for example, by 
potassium dichromate and sulphuric acid. 

Primary alcohols 

R—CH 2 OH -> Aldehydes R—CHO 


Secondary alcohols 


R 

R 


CHOH Ketones 



908 


ALDEHYDES AND KETONES 


909 


Table 116 

Simple Aldehydes and Ketones 



Molecular 
| Formula 

Structural Formula 

B.P. CQ 

A Idehydes 



I 

Formaldehyde 

CH.,0 

H CHO 

1 -210 

Acetaldehyde 

c 2 h,o 

CH 3 —CHO 

1 4- 20-8 

Propionaldehyde . 

c 3 h 6 o 

CH 3 . CHo—CHO 

+ 49-0 

n-butyraldehyde . 

c 4 h 8 o 

CH 3 . CH.,. CH.,. CHO 

1 + 75-0 

iso-butyraldehyde. 

; c 4 h 8 o 

(CH 3 ) 2 . CH—CHO 

+ 610 

Ketones 




Acetone or di¬ 




methyl ketone . 

c 3 h g o 

(CH 3 ).,C = O 

+ 56-5 

Methyl ethyl j 


CH. 


ketone 

c 4 h*o 

O 

II 

u 

/ N 

+ 81-0 

1 


CM-/ 


! 

Di-ethyl ketone . 

C 5 H 10 O 

CM : 

>C = O 

CM-/ 

+ 103-0 


2. By distilling the calcium salt of the fatty acid either alone to give the 
ketone— 


CHo . COO 


CH, . CO O 


Ca 


CH 


CH 


C=Q + CaCO 


or admixed with an equal quantity of calcium formate to give the aldehyde 


CHo . C0:0 


CHo . CO O 


Ca ; Ca 


OOC 


OOC 


. H 


. H 


2CH 3 —CHO + 2CaCO : 


General Reactions shown by Both Aldehydes and Ketones 


These are reactions which involve only the carbonyl 
broadly to two types— 





c=o 


group, and belong 


C—OH 
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i.e. formation of an —OH group; 




i.e. removal of the oxygen as water. 

Reactions of type (a) include — 

(i) Reduction , for example, by passing the vapour mixed with hydrogen 
over a finely divided nickel catalyst at about 200°C, converts the aldehyde 
and ketone to the alcohol— 



R 


H 


C=0 + H 



primary alcohol 


R 


R 


C=Q + H, 



secondary alcohol 


(ii) Formation of crystalline bisulphite compounds with sodium hydro¬ 
gen sulphite solution— 

SO . ONa \ /S0 2 . ONa 

c=o+ I - X 

OH x x OH 


These bisulphite compounds crystallize easily (but not those of formalde¬ 
hyde or acetaldehyde) and are useful in the separation and purification 
of aldehydes and ketones. When distilled with sodium carbonate, the 
aldehyde or ketone is liberated and may be collected. 

(iii) Formation of cyanhydrins with hydrogen cyanide— 


C=0 + HCN 



Reactions of type (b) include — 

(i) Formation of oximes with hydroxylamine— 


>C= 



NOH 


>C=NOH 


These are solid crystalline compounds with definite melting points, the 
determination of which often serves to identify the aldehyde or ketone. 
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(ii) Formation of hydrazones with hydrazine (or phenyl hydrazine)— 


>c=o + h 2 n.nh 2 >C=N.NH 2 


>c=o + h 2 n.nhc 6 h 5 >c=n.nhc 6 h 5 

Aldehydes and ketones also react with phosphorus pentachloride to form 
aldo- and keto-chlorides respectively— 



= 0 4- PC1 5 




-f- POCl 3 


Note , that HC1 is not liberated in this reaction, and this fact indicates 
the absence of the hydroxyl (— OH) group in aldehydes and ketones. 

Aldehydes and ketones also react with halogens, but in this case the 
halogen substitutes in the hydrocarbon portion of the molecule, e.g. 

CH 3 . CHO 4 - 3C1 2 — CC1 3 . CHO 4- 3HC1 

acetaldehyde chloral 


General Reactions of Aldehydes NOT shown by Ketones 

(a) Oxidation. Aldehydes are easily oxidized, whereas ketones are not. 

/H /OH 

R—C/ R—C^ (i.e. R . COOH) 

% o 

Consequently, aldehydes are strong reducing agents. Thus— 

(i) They reduce Fehling’s solution and precipitate brownish-red cuprous 
oxide. Fehling’s solution is made by adding a solution of copper sulphate 
to a solution of Rochelle salts—sodium potassium tartrate—and sodium 
hydroxide. The essential reaction with the aldehyde is— 

2Cu(OH ) 2 4- R . CHO -> Cu 2 0 | + R . COOH 4- 2H 2 0 

(ii) They restore the pink colour to Schiff's reagent. Schiff’s reagent 
is prepared by passing sulphur dioxide gas through an aqueous solution of 
rosaniline until the colour disappears. 

(iii) They reduce ammoniacal silver nitrate solution to precipitate 
metallic silver. If the test is carried out under certain controlled conditions, 
the silver is deposited on the sides of the glass vessel in the form of a 
silver mirror. 

(b) Condensation Reaction. Aldehydes react with themselves to form 
compounds known as aldols on adding a solution of potassium carbonate 
in the cold— 

CH 3 —CHO + CH 3 —CHO — CH 3 . CH(OH) . CH, . CHO 

acetaldol 
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These aldols readily lose water on wanning to form unsaturated aldehydes— 

CH 3 . CH(OH) . CH 2 . CHO -* CH 3 . CH=CH.CHO 

crotonaldehydc 


A condensation reaction strictly speaking is a reaction in which two or more 
molecules react together to form a more complex molecule with the 
elimination of a molecule of water (or HC1, or other such simple molecule). 
The term, however, is also applied in the wider sense, as in the above 
aldol condensation, in which no water molecule is split off. 

(c) Aldehydes react with alcohols on heating or in the presence of 
dissolved hydrogen chloride (which acts as a dehydrating agent) to form 
compounds known as acetals — 


CH,. CH 



OCoH 


2 * *5 


oc 2 H 5 



ch 3 



(d) Aliphatic aldehydes react with ammonia (anhydrous) to form 
compounds known as aldehyde-ammonias — 

/OH 

* CH 3 . CHO + nh 3 -» ch 3 . CH<" 

x nh 2 

acetaldehyde-ammonia 


Note, however, that formaldehyde gives hexamine , (CH 2 ) 6 N 4 , whilst 
ketones give complex condensation products. 

(e) Aldehydes polymerize when treated with concentrated sulphuric 
acid. Thus acetaldehyde (b.p. 21°C) forms a polymer, known as 
paraldehyde , which is a colourless liquid boiling at 124°C. 


3CH 3 . CHO 




O O 

I I 

H 3 C . CH HC . CH 3 


O 


paraldehyde 


The polymer, known as metaldehyde , is formed when the polymerization 
occurs below 0°C. It is a white crystalline substance with the probable 
formula (CH 3 . CHO) 4 . 

(/) Aldehydes undergo a complex reaction to form brown resinous 
substances of doubtful composition on treatment with strong solutions o 
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sodium hydroxide. Formaldehyde, however, undergoes a different 
reaction to form sodium formate and methyl alcohol. This is an example of 
the Cannizzaro reaction— 

2H . CHO + NaOH = H . COONa + CH 3 OH 

Mention may be made here of certain special reactions which occur with 
the aromatic aldehydes , such as benzaldehyde, C 6 H 5 . CHO, but not with 
aliphatic aldehydes, such as acetaldehyde— 

(i) Cannizzaro’s reaction with concentrated sodium hydroxide solu¬ 
tion— 

2C 6 H 5 . CHO + NaOH -> C 6 H 5 . COONa + C 6 H 5 . CH 2 OH 

sodium benzoate benzyl alcohol 

(ii) With ammonia, complex substances which are not aldehyde- 
ammonias are formed— 

3C g H 5 . CHO + 2NH 3 -> (C 6 H 5 CH) 3 N 2 + 3H 2 0 

(iii) With alcoholic potassium cyanide solution, the benzoin reaction 
occurs— 

C 6 H 5 . CHO C 6 H 5 . CHOH 

C 6 H 5 CHO C g H 5 .C=0 

benzoin 

(iv) With sodium acetate and acetic anhydride, cinnamic acids are 
formed by the so-called Perkin Synthesis— 

C 6 H 5 . CHO + CH a . COOH -> C 6 H 5 . CH = CH . COOH 

cinnamic acid 

THE ALDEHYDES 

Formaldehyde, H . CHO. This industrially very important compound 
is prepared commercially by the catalytic oxidation of methyl alcohol 
vapour. A simple laboratory method for demonstrating this oxidation 
reaction is described on p. 894 in connexion with the properties of methyl 
alcohol. Commercially, however, a mixture of methyl alcohol vapour 
and air is passed through a reaction vessel packed with copper tubes 
containing rolls of silver or copper gauze at a temperature of 550°-600°C. 
The resulting formaldehyde is recovered from the issuing vapours by 
solution in water. Fractional distillation then produces the 37 per cent 
solution, known as formalin, which is sold commercially. 

Increasing quantities of formaldehyde are also produced by the controlled 
oxidation of methane or natural gas from oil-wells. 

Formaldehyde is a colourless gas with a very pungent, lachrymatory, 


/ 
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smell. It is very soluble in water, and also in alcohol and ether. Its most 
important industrial uses include— 

(< a ) The manufacture of phenolic resins and plastics, such as Bakelite; 

Phenol (C 6 H 5 OH) + Formaldehyde -> Phenolic plastics 

( b ) The manufacture of amino-resins and plastics, such as Beetle-ware; 

Urea (CON 2 H 4 ) -f Formaldehyde -> Amino-plastics 


(c) The manufacture of casein plastics, such as Erinoid and Lachmoid, 
due to a hardening action of the formaldehyde on the proteins present 
in casein. 

(i d ) The manufacture of the comparatively new high explosive known as 
R.D.X. or Cyclonite (see below). 

(<?) In the tanning industry to convert animal skins into leathers. Thus 
“doe-skin” leathers are produced, usually from sheep skins, by the action 
of formaldehyde. 

(/) As an antiseptic and disinfectant. It is also used as a fungicide, 
for example, in the control of various fungi on farms, etc. 

The reactions of formaldehyde are those already described on pp. 909- 
913, but the following are exceptional and should, therefore, be specially 
noted— 

(i) With dry ammonia in ethereal solution, formaldehyde forms the 
complex compound, known as hexamethylene tetramine, or more con¬ 
cisely as hexamine, urotropine or aminoform. 


6H . CHO + 4NH 3 



hexamine 


This compound has certain medicinal uses. When nitrated it is converted 

into the explosive R.D.X. or Cyclonite. 

(ii) With sodium hydroxide, instead of the usual aldehyde reaction to 
form a resin, formaldehyde undergoes a Cannizzaro reaction to form 
sodium formate and methyl alcohol— 

2H . CHO + NaOH -* H . COONa + CH 3 OH 
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(iii) Formaldehyde polymerizes in presence of lime-water, by means of 
an aldol condensation, to form a mixture of sugars, with the formula 
C 6 H 12 0 6 , known as Formose. 

o o o o o 

II 1 II II II 

H—C + H—C + H—C + H—C + H—C + H—CHO -> 

I I I I I 

H H H H H 

OH OH OH OH OH 

H-C-C-C-C-C-CHO 


H H H H H 



Acetaldehyde, CH 3 . CHO, may be prepared by the following methods. 

1* oxidizing ethyl alcohol with sodium or potassium dichromate 

and sulphuric acid. Since further oxidation of the acetaldehyde to acetic 

acid may occur, the procedure is to add a mixture of sodium dichromate 

and ethyl alcohol slowly to hot dilute sulphuric acid, as in the diagram 

above. Just sufficient of the dichromate-sulphuric acid mixture to oxidize 

the alcohol to the acetaldehyde stage is thus produced, and the latter 

distils off. In this way, the further oxidation to acetic acid is kept to a 
minimum 

2. Better yields of acetaldehyde, however, are obtained by passing ethyl 
alcohol vapour over a finely divided copper catalyst at 250°-300°C. 

C 2 H 5 OH -> CH 3 . CHO + H 2 
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3. Acetaldehyde may also be produced by heating a solid mixture of 
calcium acetate and calcium formate, and condensing the acetaldehyde as 
in method (1) above. 


CHo. CO 


CHq . CO 



. H 


. H 


2CH 3 . CHO + 2CaC0 3 


Commercially , the most important methods are— 

1. By passing acetylene into a suspension of mercurous sulphate in 
25 per cent sulphuric acid under a pressure of about 15 lb/in. 2 at a tem¬ 
perature between 70°-100°C, the latter being maintained by the heat of 

the reaction— 

C 2 H 2 + H 2 0 -> CH 3 . CHO 


2. By passing ethyl alcohol vapour and air through a silver gauze 
catalyst at about 200°C. The following two reactions appear to occur 
simultaneously— 

2C 2 H 5 OH + 0 2 2CH 3 . CHO + 2H 2 0 
C 2 H 5 OH -> CH 3 . CHO + H 2 


The acetaldehyde is recovered by solution in ethyl alcohol, from which it 
is later separated by distillation. 

Acetaldehyde may be purified by treating the ethereal or alcoholic 
solution with dry ammonia gas. The crystals of acetaldehyde-ammonia 
which separate are removed, dried, and subsequently warmed with dilute 

sulphuric acid to liberate pure acetaldehyde. 

Properties. Acetaldehyde is a colourless volatile liquid (boiling point 
21°C) with a characteristic unpleasant smell. It is soluble in water, and 

also in alcohol and in ether. . , . . 

Chemically, the reactions of acetaldehyde are mainly those already 

described in connexion with the general reactions of aldehydes and ketones 

on pp. 909-913. These reactions may be summarized as follows— 

(a) Reducing action, as shown by (i) Fehling s solution, ( 11 ) Setoff 

reagent, and (iii) ammoniacal silver nitrate. In these reactions it is itsel 

oxidized to acetic acid. The usual laboratory method, however, for 

oxidizing acetaldehyde to acetic acid is to heat with potassium dichromate 


and sulphuric acid. ,, , , n „ Alir fln H 

(6) When reduced, for example, by passing acetaldehyde vapo 

hydrogen over a finely divided nickel catalyst at about 200 C, it is con 
verted to ethyl alcohol— 


CH 3 . CHO + h 2 -> ch 3 . ch 2 oh 
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( c) Addition reactions , for example, with— 

(i) saturated solution of sodium hydrogen sulphite to form a 

bisulphite compound. This is very soluble and rarely 
crystallizes. 

(ii) hydroxylamine to form acetald-oxime, CH 3 . CH-NOH. 

(iii) hydrazine to form (but not easily) the hydrazone 

CH 3 CH = N . NH 2 

(iv) hydrogen cyanide to form the cyan-hydrin, 


CHo . CH 


OH 


CN 


(v) anhydrous ammonia to form the acetaldehyde-ammonia 


CH 3 . CH 



which reliberates acetaldehyde when warmed with dilute sul¬ 
phuric acid. 


(d) Halogenation 

(i) with phosphorus pentachloride gives ethylidene dichloride— 

CH 3 . CHO + PCI 5 -> CH 3 . CHC1 2 + POCl 3 

(ii) with the halogens, substitution of the methyl group occurs 

slowly to give the mono-, di-, and eventually the tri-chloro- 
acetaldehyde, CC1 3 . CHO, known as chloral. 

(e) Condensation reactions 


(i) Aldol condensation. In the presence of a solution of potassium 
carbonate or very dilute caustic soda, two molecules of 
acetaldehyde combine to form acetaldol— 



CH 3 • CHO 4- CH 3 . CHO -> CH 3 . CH(OH) . CH 2 . CHO 

On warming this latter loses a molecule of water to form 
croton-aldehyde, CH 3 . CH = CH . CHO. 

On heating acetaldehyde with ethyl alcohol at about 100°C or 
by passing HC1 gas into a mixture of these compounds and 
warming, reaction occurs to form acetal— 


CH, . CH 



OEt OEt 

CH 3 . CH<^ + H 2 0 
OEt \ 0 et 
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(/) Polymerization reactions 

(i) With a drop or two of concentrated sulphuric acid, heat is 
evolved and acetaldehyde polymerizes to form paraldehyde, 
(CH 3 . CHO) 3 , a colourless liquid, boiling at 124°C. Paralde¬ 
hyde shows none of the characteristic reactions of acetalde¬ 
hyde. When warmed with dilute sulphuric acid, however, 
it reverts to acetaldehyde. 

(ii) With acids at low temperatures (below 0°C), a different polymer, 
known as metaldehyde, is formed. This is a white crystalline 
solid, and under the name of “meta” is sold as a solid fuel. 
It is also used mixed with bran for killing slugs. 

(iii) With strong solutions of caustic soda, acetaldehyde forms a 
brown resin, known as acetaldehyde resin. 

Formula of Acetaldehyde. The molecular formula, C 2 H 4 0, is first 
determined by the usual steps involving (i) qualitative analysis, (ii) 
quantitative analysis and (iii) determination of the vapour density and 
hence molecular weight. 

Reaction with PC1 5 gives the compound C 2 H 4 C1 2 . Since no HC1 is 
evolved in this reaction, it follows that the oxygen is not present as a 
hydroxyl group. 

The compound C 2 H 4 C1 2 may be either 

ch 2 ci ch 3 

I or I 

CH 2 C1 CHC1 2 

A compound having the first of these two structures is obtained by the 
action of chlorine on ethylene. This suggests that the second, ethylidene 

dichloride, is formed from acetaldehyde. 

Of the two possible formulae for acetaldehyde, namely— 

ch 2X ch 3 

I No and .| 

CH./ CHO 

only the second would produce the compound 

CH 3 

chci 2 

Acetaldehyde, therefore, has the structure 
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This formula is confirmed by the various reactions of acetaldehyde. 

Uses of Acetaldehyde. Compounds such as ethyl alcohol, acetic acid, 
acetic anhydride, and butyl alcohol may easily be prepared from acetalde¬ 
hyde. Since the latter may also easily be obtained indirectly from carbon 
(via acetylene), it follows that acetaldehyde forms an important link in 
the conversion of this abundant element into important organic 
compounds. 


C 2 H 5 OH 


/-v electric water » t 

CaO + C-z -> CaC>-> C.,H.> 

furnace - - . - 


Hg 2 S0 4 


CH 3 . CHO 


| I I 

CH 3 . CH = CH . CHO CH 3 COOH (CH 3 . C0),0 

I 

CH 3 . CHo . CH 2 . CH 2 OH 


Chloral (or Trichloracetaldehyde), CC1 3 . CHO. This is obtained as a 
result of the direct action of chlorine on acetaldehyde, or more usually 
by the action of chlorine on ethyl alcohol. The ethyl alcohol is apparently 
first oxidized to acetaldehyde by the chlorine, and then combines with 
excess of the latter to form chloral. 

C 2 H 5 OH > CH 3 . CHO CC1 3 . CHO 


It is an oily liquid, b.p. 97°C, and, since it retains the aldehyde (— CHO) 
group, it closely resembles acetaldehyde in its chemical properties. Two 
of its reactions, however, are particularly important— 

(a) It combines with water to form a solid crystalline substance, known 
as chloral hydrate, CC1 3 . CHO . H.,0, with the structural formula 

/OH 

CC1 3 . CH<^ 

X)H 


Chloral hydrate is one of the few examples of an organic compound in 
which two hydroxyl (— OH) groups are attached to the same carbon atom. 
The explanation of its stability appears to lie in the presence of the strongly 
electronegative chlorine atoms on the adjacent carbon atom. Chloral is 
used extensively in medicine as a soporific. 

(b) When boiled with aqueous alkalis, chloral quickly hydrolyzes to 
form chloroform and sodium formate— 

CC1 3 . CHO + NaOH -> CHC1 3 + H . COONa 

30—(T.447) 


920 


ALDEHYDES AND KETONES 


KETONES 


Acetone (or di-methyl ketone), CH 3 . CO . CH 3 , is prepared in the labora¬ 
tory by the dry distillation of calcium acetate. The latter is obtained 
commercially by neutralizing pyroligneous acid (obtained in the distillation 
of wood) with lime. 


CH 


CHo. CO 


COO 

\ 

zoo/ 


Ca 


ch 3X 

xC—O -f CaC0 3 

ch/ 


More recent industrial processes include— 

(a) The interaction of ethyl alcohol and steam— 


2C 2 H 5 OH + H 2 Q -> CH 3 . CO . CH 3 + 4H 2 + C0 2 


Ethyl alcohol vapour mixed with a large excess of steam is passed through 
a temperature-controlled reaction vessel containing a mixed catalyst of 
iron and calcium acetate. The acetone is removed by condensation and 
washing, and is eventually concentrated by fractional distillation. 

( b ) In the U.S. A. increasing quantities of acetone are produced indirectly 
from propylene, which is a by-product of the manufacture of petrol by 
cracking. The propylene is converted into isopropyl alcohol by reaction 
with sulphuric acid— 

CH 3 . CH=CH 2 + HoO -> CH 3 . CH(OH) . CH 3 

The isopropyl alcohol is then converted into acetone by passing the 
vapour over a copper gauze catalyst at 300°C. 

CH 3 . CH(OH). CH 3 -* CH 3 . CO . CH 3 + H 2 

(c) Acetone is also produced by the bacterial fermentation of maize, 
and other starchy materials, and more recently of molasses. Special 
selected strains of bacteria have been developed which ferment sugars to 
acetone and butyl alcohol. After each batch fermentation, the vessels are 
carefully sterilized to destroy unwanted micro-organisms which grow 
during the fermentation process and which have different actions on the 
sugars. The Weizmann bacteria (so-called after their discoverer) are 
carefully grown in the laboratory, and used to inoculate each fresh batch 
ready for fermentation. 

Properties of Acetone. Acetone is a colourless liquid (b.p. 56*5 C) 
and has a peculiar pleasant odour. It is soluble in water, alcohol, ether, 
etc., and is itself an extremely important solvent for other organic 
compounds. 

Chemically its reactions are mainly those already described on page 910. 

(a) Unlike acetaldehyde it is not a reducing agent, although it slow y 
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restores the colour to Schiff’s reagent. With strong oxidizing agents, 
disruption of the molecule occurs to form acetic acid, carbon dioxide and 
water— 


(CH 3 ) 2 C=0 + 40 CH 3 . COOH + C0 2 + H 2 0 


( b ) Reduction with nascent hydrogen, or vapour phase reduction over a 
nickel catalyst, produces isopropyl alcohol, CH 3 . CH(OH) . CH 3 

(c) Addition Reactions. Acetone forms a white precipitate of a bisulphite 
compound with a concentrated solution of sodium bisulphite; an oxime 
with hydroxylamine; a hydrazone with hydrazine or phenyl hydrazine; 
and a cyan-hydrin with hydrogen cyanide. 

(< d ) Halogenation. Phosphorus halides (such as PC1 5 ) replace the car¬ 
bonyl oxygen with two halogen atoms— 


CH. 


CH. 


c=o + PCI 


-f POCl 3 



Reaction with the halogens, however, leads to substitution of the hydrogen 
atoms to form, for example, trichloro-acetone CC1 3 . CO . CH 3 . 

(e) Condensation Reactions. The most important of these occurs on 
heating acetone with concentrated sulphuric acid. Three molecules com¬ 
bine together with elimination of three molecules of water to form an 
aromatic hydrocarbon, known as mesitylene (or trimethyl-benzene)— 


H 

I 

ch 3 — c c— ch 3 

3CH 3 CHO -> II | 

H—C C—H 

\ c /* 

I 

ch 3 


(f) Acetone resembles acetaldehyde and ethyl alcohol in undergoing the 
iodoform reaction (see p. 890). 

Uses of Acetone. Acetone is one of the most powerful solvents known. 
It is used in this connexion, for example, in the manufacture of cellulose 
acetate rayon and cellulose acetate dope, in the manufacture of varnishes 
and paints, in the manufacture of cordite from nitrocotton and nitro¬ 
glycerine, in the “graining” of tetryl explosive, and in the liquid state for 
the storage and transport of acetylene. Chemically, it is used in the 
manufacture of chloroform, iodoform, sulphonal, and various inter¬ 
mediates in the manufacture of synthetic rubber. 
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Formula. It may be shown by the usual methods, enumerated for 
acetaldehyde, that acetone has the formula, CjH 6 0. Since the oxygen is 
not present as a hydroxyl (—OH) group, as shown by the non-liberation of 
HC1 when it is reacted with phosphorus pentachloride, the only possible 
formulae appear to be— 

CH 3 . CO . CH 3 CH 3 . CH 2 . CHO or CH 3 . CH—CH 2 

(«> (*) . \y / 

(c) 


Formula ( b ) is that of an aldehyde and hence cannot apply to acetone. The 
reaction with PC1 5 in which both the halogen atoms are introduced on the 
middle carbon atom rules out formula (c) since this latter would give the 
unsymmetrical compound, CH 3 . CHC1. CH 2 C1. The formula of acetone 
is therefore 
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The aliphatic monobasic acids or fatty acids are the ultimate oxidation 
products of alcohols, aldehydes and ketones— 

R . CH 2 OH -> R . CHO R . COOH 


They form a typical homologous series with the general formula 
C„H 2n +i. COOH. The characteristic acid group is the carboxyl (—COOH) 
group, which may more correctly be written as 



In this group the carbonyl group causes the hydroxylic hydrogen to become 
acidic. It is this hydrogen which is replaced by metals to form salts and 
which is ionized on solution in water— 

CH 3 . COOH ^ (CH 3 . COO)' + H + 

It may be pointed out at this stage that certain other groups may also 
enhance the acidity of the hydroxylic hydrogen, one simple example being 
found in the phenols (see p. 994) in which the hydroxyl is attached to the 
aromatic phenyl group. These are not however as strongly acidic as the 
fatty acids, so that the effect of the phenyl group, although considerably 
greater than that of any alkyl radical, is less than that of the carbonyl 
(C=0) group. 

CH 3 OH C 6 H 5 OH CH 3 . COOH 

-increasing acidity-*. 

In the table on p. 924 are given the names, formulae and melting points 
of the more familiar fatty acids. 


General Methods of Preparation 

1. By oxidation of alcohols, aldehydes and ketones— 
Primary Alcohol 
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Table 117 


Some Common Fatty Acids 


Fatty Acid 

Formula 

M.P. (°C) 

B.P. (°Q 

• 

Formic acid 

H.COOH 

8-3 

101 

Acetic acid .... 

CH 3 . COOH 

16-7 

118 

Propionic acid 

CoH 5 . COOH 

- 36-0 

140 

n-Butyric acid . . . 

C 3 H 7 . COOH 

- 8-0 

162 

iso-Butyric acid . 

C 3 H 7 . COOH 

- 79-0 

155 

n-Valeric acid 

C 4 H 9 . COOH 

- 59-0 

186 

iso-Valeric acid . 

C 4 H 9 . COOH 

- 51-0 

174 

Laurie acid 

C n H 23 . COOH 

+ 44-0 


Myristic acid 

C 13 H 27 . COOH 

+ 54-0 


Palmitic acid 

C 15 H 31 . COOH 

+ 63-0 


Stearic acid 

C 17 H 35 . COOH 

+ 71-0 



Secondary Alcohol 






( R.COOH 

I + 

l R'. COOH 


Tertiary Alcohols 


R 


R'—C—OH 





{ R.COOH 
R' . COOH 
R" .COOH 



Note . Those reactions in which disruption of the molecule occurs to form 
compounds containing fewer carbon atoms only occur with very strong 
oxidizing agents; that is, they only occur with difficulty. The other oxida¬ 
tion reactions occur easily, and are often effected in the laboratory y 
warming with potassium dichromate and dilute sulphuric acid. 

2. By hydrolysis of the alkyl cyanides (or nitriles) by boiling with dilute 
mineral acids or alkalis. It will be recalled that these cyanides are prepared 
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most easily from the corresponding alkyl iodide by treatment with potas¬ 
sium cyanide in alcoholic solution— 


R—C=N -> R—C 


R—I 4- KCN - 

► R—CN + 

KI 

OH 

/OH 


< - R - 
Xx NH 

-C—OH - 

NH, 

> R 


C 




O 


—¥— 


NH 


OH 


3 



By hydrolysis (saponification) of esters. This method, as exemplified 
R . COOC 2 H 5 + H.O -» R . COOH + C 2 H 5 OH 


is important for the higher acids (palmitic, stearic, etc.) which occur as their 
glyceryl esters in many fats and waxes found in nature. 


General Properties and Reactions 

To understand the way in which the physical properties of the members of 
this series vary with increase in their molecular weight, it should be realized 
that each acid is composed essentially of a hydrocarbon portion (C„H M M —) 
and a carboxyl portion (—COOH). 

In the earlier members, the influence of the carboxyl group is predomi¬ 
nant. They are colourless liquids, soluble in water, alcohol and ether, are 
acids, and have each a pronounced and characteristic odour. With increase 
in molecular weight, the hydrocarbon portion increases in size, and so 
has an increasingly greater say in the properties of the molecule as a whole. 
Thus the intermediate members are colourless oils , only sparingly soluble 
in water (but still soluble in alcohol and ether), and have a much less 
pronounced and more rancid odour. The peculiar odour, for example, of 
rancid butter is due to the presence of butyric acid. With furtherlncrease 
in molecular weight, the acids become wax-like solids , insoluble in water 
and with little if any smell. The increasing hydrocarbon-like character also 
reveals itself in a progressive decrease in density from 1-24 for formic 
acid to 0-85 for stearic acid (paraffin wax has a density of 08-0*9), and 
increasing inflammability. Thus, stearic acid, C 17 H <35 . COOH is a white 
waxy solid which is used in the manufacture of high quality candles. 

Chemically, the general reactivity associated with the carboxyl (—COOH) 
group diminishes with increase in molecular weight. Indeed, in the highest 
acids, their essentially acidic character is only revealed by such reactions 
as the formation of salts with alkalis. With this reservation, the general 
reactions of the aliphatic monobasic acids may be summarized as follows_ 

1. Normal acid reaction with bases and alkalis to form salts 

R . COOH + NaOH -> R . COONa + H 2 0 

2. Formation of esters with alcohols in the presence of a dehydrating 
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agent such as concentrated sulphuric acid, anhydrous zinc chloride or 
dissolved hydrogen chloride. Unlike the previous reaction, this is a typically 
organic (i.e. covalent) reaction. It occurs slowly, the rate being increased 
by increasing the temperature. 


R.CO 



OC 2 H 5 -> R . COOQHs + H 2 0 


3. Formation of acyl chlorides (in which the —OH is replaced by —Cl) 
by the action of phosphorus chlorides (PC1 5 , PC1 3 , or POCl 3 ). 

+ PC1 5 R . C\ + POCl 3 + HC1 

X C1 

Note. These reactions are carried out with the anhydrous acid under water 
free conditions. 



4. If it is required to introduce the halogen into the hydrocarbon 
portion of the molecule, the halogen itself is used. Reaction occurs, for 
example, on passing chlorine into the hot solution of the acid to produce 
various substitution products. Thus acetic acid is ultimately converted 
into trichlor-acetic acid, CC1 3 . COOH— 

CH 3 . COOH -> CH 2 C1 . COOH -> CHC1 2 . COOH -> CC1 3 . COOH 


5. Formation of acid anhydride when the anhydrous acid is heated with 
a dehydrating agent, such as, phosphorus pentoxide— 


R . COiOH 

+ : -. 

R . COOlH 




R . CO 


R . CO 


O + H,0 


6. Formation of a hydrocarbon on heating a mixture of the sodium salt 
(or acid) with soda-lime (e.g. preparation of methane from sodium 
2CCt2tc)“” 

R . COONa + NaOH -> R . H + Na 2 C0 3 


7. Formation of a higher hydrocarbon by the electrolysis of a con¬ 
centrated solution of a salt of the acid, the hydrocarbon being liberated at 

the anode— 

R . COOK (ionization) ^ (R . COO) - + K+ 


Anode reaction 

(R . COO)"-> (R . COO) -> (R) + C0 2 
followed immediately by 2(R) -> R—R 
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8. Formation of ketone on distilling the calcium salt alone— 


R . 


COO 


Ca 


R . CO O 


—> 


/ 


C—O CaCO. 


9. Formation of aldehyde on distilling an equimolecular mixture of the 
calcium salt with calcium formate— 


R . CO 
R . CO 


10. Formation of an amide (R . CONH 2 ) on heating the ammonium 
salt— 



Fig. 265. Preparation of Formic Acid from Oxalic Acid 


Further heating in presence of a strong dehydrating agent such as phos¬ 
phorus pentoxide converts the amide into the corresponding cyanide— 

R . CONH 2 — H 2 0 -> R . CN 

Formic Acid, H . COOH. This is the first member of the series and may 
be prepared by the following methods— 

1. The usual laboratory method is to heat a mixture of anhydrous 
glycerol and oxalic acid crystals (H 2 Co0 4 .2H.>0) in the apparatus as 
shown in the diagram (Fig. 265). 
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The net result, as far as the oxalic acid is concerned, is represented by 
the equation— 

COOH 

| -*• H . COOH + C0 2 

COOH 


Aqueous formic acid distils over and is condensed and collected. The 
actual stages in the reaction are, however, somewhat more complex than 
the above simple equation suggests. Thus, the first stage appears to be the 
formation of the ester, glyceryl monoxalate— 


CHoO 


CHOH 



OC.COOH 


CHoOH 


CH 2 OOC. COOH 

I 

CHOH + H 2 0 

I 

ch 2 oh 




At about 100°C, this ester decomposes to form the corresponding formic 
acid ester, namely, glyceryl monoformate— 


CHoOOC . 



H 


CHOH 


CHoOH 


CH 2 OOC. H 

I 

CHOH 

I 

ch 2 oh 


co 2 


On further heating, especially if fresh oxalic acid crystals be added at this 
stage, hydrolysis occurs to liberate formic acid and reform the glycerol. 
The necessary water for this hydrolysis is provided by the first reaction and 
by the water of crystallization present in the oxalic acid crystals. 



CH 


CHOH 


CHoOH 


-OH 


CH 2 OH 

CHOH + H . COOH 

I 

ch 2 oh 


2. An aqueous solution of formic acid may also be obtained by heating 
methyl alcohol with excess of potassium dichromate and dilute sulphuric 
acid, and collecting the distillate. 

CH 3 OH -* H . CHO -> H . COOH 

3. Formic acid is prepared commercially by the reaction 

NaOH + CO -> H . COONa 

sodium formate 
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The carbon monoxide (for example, from producer gas) is passed under 
8-10 atmospheres pressure over sodium hydroxide at about 200°C. The 
resulting sodium formate is then acidified and the formic acid distillate 
collected. 

In this reaction, it should be noted that carbon monoxide is behaving as 
an acidic oxide. This is confirmed by— 

(i a ) The fbrmation of small quantities of formic acid when a silent 
electric discharge is passed through a mixture of carbon monoxide and 
steam. 

( b ) The liberation of carbon monoxide when formic acid is dehydrated 
with concentrated sulphuric acid. 


Dry H 2 S 


Steam 



Fig. 266. Preparation of Anhydrous Formic Acid from Lead Formate 


Preparation of Anhydrous Formic Acid. The stages in the production 
of anhydrous formic acid from its aqueous solutions are— 

(a) Treatment with powdered lead carbonate to convert the formic acid 
to lead formate 


2H . COOH 4- PbC0 3 -> (H . COO) 2 Pb + H 2 0 -f- C0 2 

The reaction is completed by stirring and warming until no further 
effervescence due to carbon dioxide is observed. 

(b) The solution of lead formate obtained on boiling is filtered hot to 
separate unchanged lead carbonate, and the clear filtrate then allowed to 
cool to produce colourless crystals of lead formate. These are filtered off, 
washed and dried. 

(c) Since lead formate crystals do not contain water of crystallization, 
they may be decomposed by the action of dry sulphuretted hydrogen to 
liberate the pure anhydrous formic acid. 

(H . COO) 2 Pb + H 2 S -> PbS 4- 2H . COOH 

Properties of Formic Acid. Formic acid is a colourless liquid with a 
pungent irritating smell. It produces blisters on the skin, and is in fact 
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present in the stings of bees and ants and also in the stinging-nettle plants. 

name°whirh •'” lal ? on . °/ formic acid by distilling red ants explains its 

ChTmiSv -! S h £ fr ° m the latin WOrd for an ant > nameJ y formica. 
mically, it differs in many of its reactions from those of acetic acid and 

e other acids of the series. These differences are due to the fact that in 

addition to being an acid, formic acid is also an aldehyde. This dual role 

is readily seen by studying for a moment the following two ways of writing 
the structural formula J 6 


✓ 


O 


H 


H . C'< and 

OH 


HO. 


x o 


These two formulae are, of course, identical. 

The principal reactions of formic acid and its salts are as follows— 
aldeh^ d* S ) ox ^ ,zec * anc * hence is a strong reducing agent (like form- 



C0 2 “h h 2 o 


Thus, formic acid reduces ammoniacal silver nitrate to give the silver 
mirror test, and Fehling s solution to give a precipitate of cuprous oxide. 


2. When warmed with concentrated sulphuric acid, the latter removes 

the elements of water from the formic acid to liberate carbon monoxide 
gas. 


H 


CO 


OH 


CO + H>0 


The reaction may conveniently be carried out in a test-tube and the 
issuing carbon monoxide ignited. If the reaction is sufficiently vigorous, the 
carbon monoxide will continue to burn with a characteristic blue flame. 


3. When heated alone, for example at about 160°C in closed vessels, 
formic acid decomposes to form carbon dioxide and hydrogen 

H . COOH -> C0 2 + H 2 


4. When the sodium and potassium salts are heated, hydrogen is 
liberated and the corresponding oxalates formed— 

H.COONa COONa 

+ - H 2 + | 

H . COONa COONa 
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5. Ammonium formate heated alone loses a molecule of water to 
produce formamide, and this on further heating with phosphorus pentoxide 
is converted to hydrogen cyanide— 

H . COONH 4 -> H . CONH 2 -> HCN 


6. Formic acid, unlike acetic acid, does not form an anhydride; and 

with phosphorus pentachloride hydrogen chloride and carbon monoxide 

aie formed, presumably through the intermediate formation of an unstable 
formyl chloride— 


H . COOH ( + PC1 5 ) -> 



-> HC1 -f CO 


Compared with the other fatty acids, formic acid is also a much stronger 
acid. This enhanced acidity results from the replacement of the alkyl 
group by a hydrogen atom— 

CH } . COOH (very weak acid) -> H . COOH (acid) 


Acetic Acid, CH 3 . COOH. This industrially very important chemical 
was formerly prepared commercially from pyroligneous acid, but nowa¬ 
days the bulk of the acetic acid required by industry is produced synthetic¬ 
ally from acetylene or by oxidation of ethyl alcohol. Dilute solutions are 
still, however, produced by the fermentation (vinegar) process, but even 
this time-honoured process has been improved to increase the rate of 
formation of acetic acid. 

From Pyroligneous Acid. The pyroligneous acid obtained by the dry 
distillation of wood is treated with milk of lime to convert the acetic acid 
into calcium acetate. The solution is then evaporated to remove the volatile 
compounds (acetone, methyl alcohol, etc.) and the residue of calcium 
acetate then distilled with concentrated hydrochloric acid. The aqueous 
distillate of acetic acid is then redistilled with concentrated sulphuric acid 
to give the anhydrous ( glacial ) acetic acid. 

From Acetylene. Acetaldehyde is first formed from acetylene by the 
mercurous sulphate/sulphuric acid method described on page 916_ 

C 2 H 2 + H 2 0 -> CH ; j . CHO 


The solution of acetaldehyde, so obtained, is then oxidized by air at 

about 55 C in the presence of about 0-1 per cent of manganese acetate 

which acts as a catalyst and also helps to prevent the formation of explosive 
peracetic acid— r 

CH 3 . CHO CH 3 . COOH 


thTgt^i^ acid ^ thCn reC ° Vered by distil,ation and rectified to produce 
From Ethyl Alcohol. The alcohol is first oxidized catalytically in the 
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vapour phase to acetaldehyde (see p. 915), and the resulting acetaldehyde 
vapour then mixed with more air and passed into a 95 per cent solution of 
acetic acid where the final stage, the oxidation of the acetaldehyde to 
acetic acid, occurs. 

Fermentation Process.. In the old method alcoholic solutions, such as 
poor quality wines, ciders and beers, were allowed to stand in contact 
with the air, when bacterial oxidation slowly occurred to form “vinegar” 
containing about 5 per cent of acetic acid. In the present-day quick-vinegar 
process , the time of this bacterial oxidation is reduced from a period of 
months to one of days. The dilute alcoholic solution, usually mixed with 
vinegar, is allowed to trickle down tall wooden tanks packed with beech- 
wood shavings or birch twigs, which have been treated with the particular 
bacterium aceti culture which ferments the alcohol to acetic acid. A plentiful 
supply of air is necessary, since the process is essentially one of oxidation 
involving enzymes present in the bacterium aceti spores. The liquid passing 
through the tanks is continuously recirculated at the optimum temperature 
of about 35 c C. The resulting vinegar contains about 9-10 per cent of 
acetic acid, but if pure diluted alcohol is used as the starting material, 
concentrations of the order of 12-14 per cent may be produced. These per¬ 
centages represent a practical maximum, since at these concentrations the 
activity of the bacteria diminishes. 

Vinegar may be described as the weak solution of acetic acid produced 
by the souring of wines and other fermented fruit and grain juices in the 
presence of air. Malt vinegar is prepared by a process similar to that 
involved in the manufacture of beer, except that the hops are omitted. The 
fermentation of barley produces a beer which is then soured by the quick- 
vinegar process to produce malt-vinegar. 

Production of Glacial Acetic Acid. Anhydrous (or glacial) acetic acid is 
produced from the concentrated aqueous solution either by distillation from 
concentrated sulphuric acid or by efficient fractional distillation. 

Properties of Acetic Acid. Glacial acetic acid is a colourless crystalline 
solid, m.p. 16-7°C and b.p. 118°C. It has a sharp “vinegar” taste and 
smell, and is soluble in water, alcohol and ether. It is used commercially 
as a solvent, as an intermediate in the manufacture of other organic 
substances, and most importantly in the manufacture of cellulose acetate 
rayon. Cellulose acetate is produced by the action of a mixture of equal 
weights of acetic acid and acetic anhydride containing about 1 per cent of 
sulphuric acid on cotton linters. 

{QH 10 O 5 }„ > {C 6 H 7 0 2 (00C . CH 3 ) 3 }„ 

cellulose tri-acctatc 

The resulting tri-acetate is partially hydrolyzed to the corresponding di¬ 
acetate which is collected, dried and later dissolved in acetone to produce 
the spinning solution. 
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Smaller quantities of acetic acid are also used in the manufacture of 
white lead (basic lead carbonate for paints, etc. (see p. 623)). 

The chemical reactions of acetic acid are those already described in 
connexion with the general reactions of the fatty acid series. The follow¬ 
ing important points of difference from formic acid should, however, 
be noted. 

1. Formic acid is a powerful reducing agent (acetic acid is not a reducing 
agent). Thus formic acid (and formates) reduce ammoniacal silver nitrate, 
Fehling's solution, mercuric chloride solution, and warm potassium 
permanganate. 

2. Formic acid is an unexpectedly strong acid (acetic acid is only a very 
weak acid). Both, however, form metallic salts. 

3. Concentrated sulphuric acid has no action on acetic acid, but when 
warmed with formic acid, a molecule of water is removed and carbon 
monoxide is liberated— 

H . COOH -> CO H- H 2 0 

4. With phosphorus pentachloride, acetic acid (anhydrous) is converted 
into acetyl chloride, CH 3 . COC1 ; formic acid, however, does not give a 
formyl chloride but only a mixture of carbon monoxide and HC1— 

H . COOH -> [H . COC1] -> CO + HC1 
CH 3 . COOH -> CH 3 . COC1 


5. Glacial acetic acid is easily converted into acetic anhydride, for 

example on heating with phosphorus pentoxide; formic acid does not 
form an anhydride— 


Cff . COO H 


OH 


CHo . CO 


CH 3 . CO 

► 

ch 3 . CO 

acetic anyhdride 


o 


6. Calcium formate when heated forms formaldehyde, H . CHO; 
calcium acetate, however, forms acetone, CH 3 . CO . CH 3 . 

7. Formic acid does not form substitution compounds with the halo¬ 
gens; acetic acid does— 


CH 3 . COOH -* CH 2 C1 . COOH -> CHCU . COOH -> CC1 3 . COOH 

8. Sodium formate forms sodium oxalate and hydrogen when heated. 

9. Sodium acetate heated with soda-lime liberates methane; sodium 
formate however liberates hydrogen and no hydrocarbon. 

Structure of Acetic Acid. The molecular formula may be shown bv the 
usual methods, to be C 2 H 4 0 2 . 

Reaction with phosphorus pentachloride to liberate hydrogen chloride 
indicates the presence of an hydroxyl (—OH) group. 
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Reaction with chlorine in sunlight to form trichloracetic acid indicates 

that three of the hydrogen atoms are differently constituted in the molecule 

than the remaining hydrogen atom. That these three hydrogen atoms are 

attached to the same carbon atom, that is, are present as a methyl (—CH 3 ) 

group, is indicated by such reactions as the formation of ethane (CH 3 . CHg) 

on electrolysis of acetic acid and the liberation of methane by the soda-lime 
reaction. 

Since, therefore, acetic acid contains both an OH and a CH 3 radical, its 
formula must be 



This formula is also in accord with all the other reactions of this acid. 


ACID DERIVATIVES 

In the discussion of the general reactions of the monobasic acids (see p. 925), 
compounds with names such as acyl chlorides, anhydrides, amides, esters 
and nitriles appeared. These compounds are known collectively as “acid 
derivatives," since they may be obtained from the acids by certain standard 
reactions. It is proposed to discuss each of these classes of compounds in 
the following sections. 


Acyl Chlorides 

These have the general formula 


R. C 




O 


Cl 


and are clearly derived from the acids by replacement of the hydroxyl 
(—OH) group by chlorine. The two most important members are acetyl 
chloride, CH 3 . COC1, derived from acetic acid, and benzoyl chloride, 
C 6 H 5 . COC1, derived from the aromatic monobasic benzoic acid 
C 6 H 5 . COOH. As a class, they are colourless liquids or solids, have a 
pungent odour, and are hydrolyzed by water. Acetyl chloride is im¬ 
mediately hydrolyzed by water and may, therefore, be prepared only under 
water free conditions. 

Preparation of Acetyl Chloride. This is usually achieved by the action of 
phosphorus chlorides on glacial acetic acid. The preparation may con¬ 
veniently be carried out by adding phosphorus tri-chloride slowly to 
glacial acetic acid in the apparatus as shown in the diagram. It may be 
necessary to cool the flask in the earlier stages of the reaction. The soda- 
lime tower serves’ to trap the liberated HC1 gas. The temperature of the 
flask is then slowly raised to about 50 c C until the evolution of HC1 ceases. 
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The water-bath is then heated to 100°C and the acetyl chloride distilled 
over. 

/° ,,/0 

3CH, . Cf + 2PClj -> 3CH 3 . C + P 2 0 3 + 3HC1 

x OH X C1 

Thionyl chloride (SOCl 2 ) may be used in place of phosphorus trichloride 
in the above preparation. 

Properties. The acyl chlorides, of which acetyl chloride is taken as 
a typical example, are characterized by a high order of reactivity, resembling 
in this respect, only more so, the alkyl halides. 



Fig. 267. Preparation of Acetyl Chloride 

(a) Acetyl chloride fumes in air and reacts immediately even with cold 
water to reform acetic acid and liberate hydrogen chloride— 


CHo . CO 


Cl 


OH -> CHo . COOH + HC1 


(b) It reacts vigorously with alcohols to give the corresponding ester 


CHo . CO 


Cl + H|oC 2 H 5 -> CH.j. COOC 2 H 5 + HC1 


acetvl chloride 


ethyl acetate 


(c) It combines directly with ammonia to form acetamide CH, CONH 

and with amines (R . NH 2 ) to form substituted amides— ’ 2> 

CH 3 . COC1 r- H—NH 2 -> CH 3 . CONH 2 -f HC1 
CH 3 . COC1 -f H—NHR -> CH 3 . CONHR -p HC1 
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(d) On wanning with anhydrous sodium acetate, acetic anhydride is 
formed. If the sodium salt of, say, propionic acid is used, the correspond¬ 
ing mixed anhydride is formed— 

ch 3 . co x 

CH 3 . COCI + NaOOC . C 2 H 5 -> )0 + NaCl 

C 2 H 5 . CO 


CHo . C 


OHL . COCI + NaOOC . CH 


°\o 


+ NaCl 


ch 3 . CO 

acetic anhydride 


(e ) Acetyl chloride may be reduced by sodium amalgam or metallic 
sodium to acetaldehyde and finally ethyl alcohol— 

CHo . COCI -> CHo . CHO CH, . CH,. OH 


Acid Anhydrides 

Acetic Anhydride, (CH 3 . C0) 2 0, is a colourless liquid with a sharp 
pungent odour, resembling that of acetic acid. It boils at 137°C, is only 
slightly soluble in water and does not fume in air. It is a very much less 
vigorous reagent than acetyl chloride, which it resembles in its reactions 
towards alcohols, ammonia, amines, etc. 

Preparation. Acetic anhydride is prepared by adding acetyl chloride 
to anhydrous sodium acetate— 


CH, . CO 



ch 3 . COv 

OOC . CH 3 -> >0 + NaCl 

CH 3 . CO 


The powdered anhydrous sodium acetate is placed in the flask which is 
cooled by immersion in cold water and the acetyl chloride added slowly 
from the dropping funnel. The mixture is periodically gently shaken. 
The apparatus is then assembled for distillation and the impure acetic 
anhydride very gently distilled over, using an air-condenser in place of the 
usual water-cooled condenser. The distillate is then purified by a further 
distillation, and the product, boiling between 135°-140°C, collected. 

Acetic anhydride may also be prepared, although this is not the usual 
method, by the action of phosphorus pentoxide on glacial acetic acid. 

Some dibasic acids, such as succinic acid and phthalic acid, form cyclic 
anhydrides on heating alone— 


CH 2 . COOH 
CH 2 . COOH 


CHo . CO 


CHo. CO 


O + h 2 o 


succinic acid 
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Properties. As a class, the acid anhydrides are neutral liquids or solids, 
with boiling points higher than those of the parent acids. They have an 
unpleasant pungent smell, are insoluble or very slightly soluble in water, 
but dissolve unchanged in most organic solvents. They resemble the acid 
chlorides in their chemical reactivity but are very much less reactive. 

(a) With alcohols, reaction occurs on warming to form the ester and 
acid— 

CH 3 . CO^ H CH 3 . COOH 

y>0 -f- | —> -f- acciic acid 

CH 3 . CO / O . Co h 5 ch 3 . COOC 2 H 5 

ethyl acetate 


(b) Acetic anhydride hydrolyzes slowly on warming with water to form 
acetic acid— 


CHo . CO 


CHo . CO 


O -I- H 2 0 -* 2CH 3 . COOH 


(c) Acetic anhydride reacts with ammonia and with amines in the hot 


ch 3 . c 




o 


CHo. C 



O + 2NHo ■ 


O 


CH 3 . CONH 2 

> -\- acetamide 

CH 3 . COONH 

ammonium acetate 


(cl) Reduction with sodium amalgam or metallic sodium converts acetic 
anhydride successively to acetaldehyde and ethyl alcohol. 

(CH 3 . C0) 2 0 2CH 3 . CHO -> 2C 2 H,OH 


Amides 

These compounds have the general formula R . CONH 2 , and may be 

regarded as derived from the mono-basic acids by replacement of the OH 

group by the amino (—NH 2 ) group. They, therefore, have the character¬ 
istic amide group 

_ c /° 

^nh 2 

for example 

y° 

ch 3 . cf 

x nh 2 

acetamide 

Substituted amides are also known in which the hydrogen atoms of 
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this group are replaced by other acyl groups, alkyl groups or aryl 
groups, 

CH 3 . COv 

>NH CH*. Of etc. 

CH 3 . CO / 

diacetamide 


e -g 


ch 3 . c 

'nhc 2 h 5 

ethyl acetamide 


Preparation. The general methods for preparing acid amides are— 

1. Dehydration of the corresponding ammonium salt, for example, on 
heating the dry salt preferably in a sealed tube, (that is, under pressure)— 

ch 3 . coonh 4 -> ch 3 . conh 2 + h 2 o 

2. By the action of concentrated aqueous ammonia on acid chlorides, 
acid anhydrides or esters— 


R . COC1 + H—NH 2 
(R . C0) 2 0 + 2H—NH 2 
R . COOR' + H—NH 2 


R . CONH 2 + HC1 
R . CONH 2 + R . COONH 4 
R . CONH 2 + R'OH 






3. By hydrolysis of alkyl cyanides (nitriles) in pres¬ 
ence of concentrated hydrochloric acid or strong 
sulphuric acid. The hydrolysis also occurs on boiling 
the cyanide with water— 

R . C=N + H 2 0 R . CONH 2 

Acetamide, CH 3 CONH 2 , is best prepared by the first 
of these methods. Ammonium acetate is heated with 
excess of glacial acetic acid which helps to suppress the 
dissociation of the ammonium acetate into acetic acid 
and ammonia. 

ch 3 . coonh 4 -> ch 3 . conh 2 + h 2 o 

The ammonium acetate is prepared in situ by gradually 
adding powdered ammonium carbonate to glacial acetic 
acid. The resulting solution of ammonium acetate in 
acetic acid is then gently boiled for about 30 min. with 
an air-cooled reflux condenser. During this refluxing, 
the ammonium acetate is converted to acetamide. 
After removing the reflux condenser and fitting a side 
air-cooled condenser, the liquid is then distilled very 
slowly to allow the excess acetic acid and water to 
distil over first. The fraction boiling above 180°C is 
then collected and is mainly acetamide. A purer specimen may be 
obtained by redistilling and collecting the fraction boiling between 
215°-225°C. 



Fig. 268. Water- 
cooled Reflux 
CondenseY 
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Properties. Acetamide is a colourless crystalline solid, m.p. 82°C and 
b.p. 222°C. It is readily soluble in water and in alcohol, and has a 
characteristic odour of mice due to the presence of small quantities of 
methyl acetamide, CH 3 CONHCH 3 , as impurity. It may be recrystallized 
from acetone in the form of long needles, and is then free from odour. 

Apart from formamide, H . CONH 2 , the amides are all solids with 
boiling points considerably higher than those of the corresponding acids, 
and show decreasing solubility in water with increase in molecular weight. 
Formamide, the first member of the series, is prepared by methods similar 
to those for acetamide, for example, by heating ammonium formate. 
It is a colourless liquid. 

The general reactions of the amides are typified by those of acetamide. 

(a) When heated with alkalis or on boiling with water, the amides are 
hydrolyzed to the acid and ammonia— 


CH 3 . CONHo + H 2 0 -> CH 3 . COOH + NH 3 -> CH 3 . COONH 4 

(b) The acids are also formed when the amides react with nitrous 
acid— 


CH, . CO 


N 



N. : OH CHo . COOH + No 


h 2 o 


This latter reaction is similar to the formation of alcohols when primary 
amines are treated with nitrous acid (see p. 954)— 


R 


N 



Ni OH -> R . OH 


N 2 + HoO 


(c) When heated with dehydrating agents, such as phosphorus 
pentoxide, amides are converted into the corresponding nitriles— 


CH 3 . CON Ho — HoO -> CH 3 . CN 

aceto-nitrile or 
methyl cyanide 


( d ) Amides may be converted into amines (by the Hofmann reaction) by 
treatment with bromine followed by the addition of sodium hydroxide 
solution. The reaction probably proceeds through the following stages— 

(i) CH 3 . CONHo + Br 2 -> HBr + CH 3 . CONHBr 


mono-bromo-acetamide 


(ii) CH 3 . CONHBr + NaOH -> H 9 0 + CH, . CON 


Na 


Br 


(iii) CH 3 .CON 


Na 


Br 


sodium bromoacetamide 

+ H,0 NaBr + C0 2 + CH 3 . NH 2 

methylamine 
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(e) In general, amides are very weakly amphoteric in character. Thus, 
salts such as CH 3 . CONH 2 . HC1 are known but are very unstable and 
decompose on treatment with water. The weakly acidic character, on the 
other hand, is revealed by the replacement of one of the amide hydrogen 
atoms by a metal as in the above Hofmann reaction, and the formation of 
mercury salts by boiling the amide with mercuric oxide— 

2CH 3 . CONH 2 + HgO -> (CH 3 . CONH) 2 Hg + H 2 0 


Esters 


Esters are formed by reaction between alcohols and acids, e.g. 


ch 3 . CO 



OCoH 


2 *i 5 CH 3 . COOQHg 4- H 2 0 

ethyl acetate 


The similarity between this reaction in which an acid reacts with an alcohol, 
and the reaction in which a salt is formed by the neutralization of an acid 
by a base, i.e.— 

Alcohol + Acid Ester 4 - Water 
Base 4 - Acid -> Salt 4 - Water 


suggests that esters are the organic counterpart of the inorganic salt. 
Esters, however, are not salts. They are purely covalent compounds and 
are typically organic in character. Thus, they are usually volatile liquids 
or solids (i.e. low melting points and boiling points), they are insoluble in 
ionizing solvents (water, etc.) but are soluble in non-ionizing solvents (that 
is, most organic solvents), and when they react with water, instead of 
forming an acid and a base, they form an acid and an alcohol. Since the 
latter reaction differs from the corresponding reaction of a salt, it is 
usually referred to as saponification— 

Hydrolysis Na 2 C0 3 4 - 2H 2 0 -► 2NaOH 4 - H 2 C0 3 

Saponification CH 3 . COOC 2 H 5 4 - H 2 0 -> CH 3 . COOH 4 - C 2 H 5 OH 

The term saponification was originally applied to the production of the 
sodium salts of the acid when the esters present in natural fats were boiled 
with sodium hydroxide in the manufacture of soap (see pp. 431, 946), but 
the term is now applied generally to the hydrolysis of esters. 

Two types of ester are known. The first, in which the ester is derived 
from an organic acid, for example ethyl acetate, and the second in which 
the ester is formed from an inorganic acid, for example, methyl chloride 
and ethyl sulphate. The alkyl halides have already been discussed and 
other important members of the second class will be discussed later. The 
first class, however, is clearly the larger and will be discussed first. 

General Methods of Preparation. The reaction— 

Acid — Alcohol ^ Ester 4 - Water 
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is reversible and like most organic reactions occurs relatively slowly. It is, 
therefore, carried out by heating the acid and alcohol together in the pres¬ 
ence of a suitable dehydrating agent. The latter appears both to remove the 
molecule of water formed (and so diminish the back-reaction) and also to 
catalyze the reaction. 

(a) The procedure adopted when concentrated sulphuric is used as the 
dehydrating agent is explained in the following preparation of ethyl 
acetate. A mixture of equal volumes of ethyl alcohol and concentrated 
sulphuric acid is prepared by adding the acid cautiously to the alcohol 
with shaking. The mixture is then heated on an oil-bath to about 150°C 
and a mixture of equal volumes of ethyl alcohol and glacial acetic acid then 
added slowly from a tap-funnel at approximately the same rate at which the 
ethyl acetate distils over into the receiver. In the first stage, the sulphuric 
acid converts the alcohol into ethyl hydrogen sulphate and water, the 
latter being removed by the excess sulphuric acid— 


C 2 H 5 |OH + H: HSOj -> C 2 H 5 HSO.i + H.O 


The ethyl hydrogen sulphate then reacts with the acetic acid added during 
the second stage to form ethyl acetate and liberate the sulphuric acid, 
which forms fresh ethyl hydrogen sulphate with the alcohol added simul¬ 
taneously with the acetic acid— 


c 2 h 5 hso 4 + CH.3 . COOH 


ch 3 . COOC 2 H 5 


h 2 so 4 


When all the acetic acid-alcohol mixture has been added, the distillate is 

first shaken with a strong solution of sodium carbonate (in a separating 

funnel) to neutralize and remove any free acetic and sulphurous acid, and 

the upper ethyl acetate layer then separated. This is then shaken with a 

concentrated solution of calcium chloride to remove any free ethyl 

alcohol, and the ethyl acetate layer again separated. It is then dried by 

adding some anhydrous calcium chloride, and if necessary redistilled, the 

fraction boiling between 74 -79 C being collected (boiling point of ethyl 
acetate is 77°C). 

(b) In the Fischer-Speier method the catalyst and dehydrating agent is 
anhydrous hydrogen chloride. Ethyl alcohol is first saturated with dry 
hydrogen chloride and then mixed with an equal volume of glacial acetic 
acid. The ester is then formed by heating the mixture under reflux for 
about half an hour. The liquid is then cooled and the ethyl acetate separated 
by the method adopted above. 

Esters may also be prepared in almost quantitative yield by treating the 
alkyl halide with the silver salt of the acid, e.g. 


CH 3 . COCfAg + I- 


-C 2 H 5 -> CH 3 . COOC 2 H 5 + Agl 


Y 
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The reaction of alcohols with acid chlorides and with acid anhydrides to 
form esters have already been described in connexion with the properties 
of these two classes of compounds— 

ch 3 . COC1 + hog>h 5 -> ch 3 . COOC 2 H 5 + HC1 

(CH 3 . C0) 2 0 + C 2 H 5 OH -> CH 3 . COOQHg + CH 3 . COOH 

Properties. The esters are mostly colourless liquids or solids, sparingly 
soluble in water but very soluble in organic solvents, and have usually very 
pleasant fruity odours. Some examples of the latter are given in the 
following table. 

Table 118 


Some Common Esters 


Ester 

B.P. (°C) 

Odour 

Ethyl formate .... 
Ethyl acetate 

Iso-amyl acetate 

Ethyl butyrate . 

Ethyl isovalerate 

Iso-amyl acetate .... 
Methyl salicylate 

55 

77 

138 

120 

134 

139 

224 

“Rum” flavour 

Apple 

“Pear-drop” essence 
“Pine-apple” essence 
“Apple” essence 
“Banana” essence 

Oil of Wintergreen 


They are, therefore, used as artificial essences and perfumes. Ethyl acetate 
and amyl acetate are particularly important as industrial solvents, or 
example, in the manufacture of cellulose lacquers. Others, such as dibuty. 
phthalate, are used as “plasticizers” in the manufacture of certain 

plastics. 

The more important of the reactions of the esters are— 

(a) Saponification on treatment with water, acids or alkalis. The 
hydrolysis occurs only slowly with water even at the boiling point ut 
occurs more readily with the stronger acids, such as hydrochloric and 

sulphuric acids— 

ch 3 . cooc 2 h 5 + h 2 o -> CH 3 . COOH + c 2 h 5 oh 

This reaction offers a simple experiment for the measurement of reaction 
velocity in physical chemistry. The results show that the rate of saponifica¬ 
tion or hydrolysis is proportional to the hydrogen-ion concentration 
(H + ); the stronger the acid the more effective it is as a catalyst. e 
hydrolysis occurs most rapidly, however, with the alkalis, and particu ar y 
so with alcoholic solutions of the latter. 

CH 3 . COOQHs + NaOH -> CH 3 . COONa + C 2 H 5 OH 
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( b ) Esters react with ammonia (or amines) to form amides (or sub¬ 
stituted amides) and the alcohol— 


CH a . CO OC 2 H 5 + H-i-NHR -> CH, . CONHR 


C 2 H 5 OH 


(c) When heated with hydrogen iodide, the alkyl iodide and free acid 
are formed— 

CH 3 . COO C,H 5 4- I H -> CH 3 . COOH 4- C 2 H 5 I 


(d) With phosphorus pentachloride, reaction occurs to form the acyl 
chloride and alkyl chloride— 

CH 3 . COOC 2 H 5 + PC 1 5 -> CH 3 . COC 1 4 - C»H-C 1 4- POCl 3 

Naturally Occurring Esters 

These comprise the oils, fats and waxes of the animal, vegetable and fish 
kingdoms, and include the well-known butter fat, lard, palm-oil, coconut 
oil, cod liver oil, whale oil, beeswax, carauba wax, and spermaceti. They 
are all esters of the higher monobasic acids (palmitic, stearic, oleic, etc.), 
but oils and fats differ chemically from waxes in being esters of the tri- 
hydric alcohol, glycerol, whereas waxes are the esters of higher mono- 
hydric alcohols, such as, cetyl alcohol, C 16 H 33 OH (in spermaceti) and 
myricyl alcohol, C 30 H G1 OH (in beeswax)— 

Oils and Fats — 

Esters of the trihydric glycerol, known as glycerides 

CH,OOC . R 

e g. CHOOC . R 

CH 2 OOC . R 

Waxes — 

Esters of higher monohydric alcohols, e.g. R' . COOR 

Dealing first with the oils and fats, these are complex natural mixtures of 
the glycerides of various higher aliphatic acids which contain an even 
number of carbon atoms. The main difference between an oil and a fat is 
that the latter has a higher melting point and so is solid at ordinary tem¬ 
peratures. The lower melting point of oils are due to the presence 
of glycerides of certain unsaturated fatty acids, such as oleic acid 
(C 17 H 33 . COOH) and linoleic acid (C 17 H 31 . COOH) which melt at lower 
temperatures than the glycerides of the corresponding saturated acids. 
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This is shown, for example, in the following figures for the melting points 
of the glycerides of palmitic and stearic acids (both saturated), and of 
oleic acid (unsaturated). 

Palmitin C 3 H 5 (OOC . C 15 H 31 ) 3 m.p. 63°C 

Stearin QH 5 (OOC . C 17 H 35 ) 3 m.p. 65-5°C 

Olein QH 5 (OOC . C 17 U^) 3 m.p. - 6°C 


It follows that if the unsaturated acids present in oils could be converted 
into saturated acids, the melting points of the glycerides would be increased 
and the oils converted into fats. This is the principle involved in the modem 
industrial process for converting oils into fats by hydrogenation (see 
below). 


In the Table on p. 945 are listed the acids which occur as glycerides in 
the various oils and fats. In subsequent Tables, the composition of parti¬ 
cular oils and fats are given with reference to the principal acids present 
(as glycerides). 

Butter Fat differs from all the other fats in containing glycerides of 
butyric acid and other lower acids, such as caproic, caprylic and capric 
acids. The peculiar odour of rancid butter is due to the formation of 
free butyric acid, whilst the characteristic flavour of fresh butter is due to 
the presence of a trace of diacetyl, a di-ketone. 

Margarine is a butter substitute, consisting of an emulsified blend of 
various fats (other than butter) with approximately the same melting point 
as butter. The particular blend may vary with the local climatic conditions 
(e.g. winter or summer), and with fluctuations in the price of the various 
fats, but the following blend may be taken as representative. 


per cent 

Palm kernel oil . . . . .50 

Coconut oil . . . . .15 

Beef fat (“premier jus”) . . .15 

Ground-nut oil . . . . .10 

Cotton-seed oil . . • .10 


The hard beef fat may be replaced by solid vegetable fats, such as coconut 
or palm oil, or by hydrogenated oils (cotton-seed, whale, and ground-nut 
oils, etc.). The mixture of fats is churned with milk to emulsify them and 
to impart a “butter” flavour, and then rolled and pressed until it emerges as 
a water-in-fat emulsion with about the same water content (13-16 per cent) 
as butter. A definite proportion of vitamin A and D concentrates is then 

added together with the required colouring matter. 

Cooking Fats. The supply of suitable substitutes for lard has been 
considerably increased in recent years by hydrogenating cotton-seed oi , 
ground-nut oil, soya-bean oil, etc. The present world shortage of edi e 





Table 119 


Higher Saturated and Unsaturated Acids Present in Glycerides 


1 

Saturated Acids 

1 

Unsaturated Acids 

Butyric acid C 3 H 7 . COOH 


No. of 


Caproic acid C 5 H n . COOH 

Name 

Double 

Formula 

Caprylic acid C T H 15 . COOH 


Bonds 


Capric acid C 9 H 19 . COOH 




Laurie acid C n H 23 . COOH 

Lauroleic acid 

1 

C n H 21 . COOH 

Myristic acid C 13 H 27 . COOH 

Myristoleic acid 

1 

C 13 H> 5 . COOH 

Palmitic acid C 15 H 31 . COOH 

Palmitoleic acid 

1 

C 15 H., 9 . COOH 

Stearic acid C 17 H 35 . COOH 

Oleic acid 

1 

c 17 h 33 .cooh 

Arachidic acid C 19 H 39 . COOH 

Linoleic acid 

2 

c 17 h 31 .cooh 


Linolenic acid 

3 

C 17 H> 9 . COOH 


Vegetable Oils and Fats 

Oil or fat Mainly composed of glycerides of — 


Olive oil 

Ground-nut oil . . 

Coconut oil (a fat) 

Palm-kernel oil (a fat) . 
Palm oil (a fat) . 
Cotton-seed oil . 1 

Linseed oil . 

Oleic acid (85); palmitic acid (7); linoleic acid (6). 
Oleic acid (60); linoleic acid (21); palmitic acid (7); 
stearic acid (5). 

Laurie acid (51); myristic acid (18-5); caprylic 
acid (9-5); palmitic acid (7-5). 

Laurie acid (52); oleic acid (16); myristic acid (15). 
Oleic acid (48*5); palmitic acid (35*5). 

Linoleic acid (53-6); oleic acid (23). 

Linoleic acid (62); linolenic acid C 17 H 29 COOH (24). 


Animal Fats 

Butter . . . j 

Lard . 

Beef tallow 

Mutton tallow . J 

Oleic acid (40); palmitic acid (29); stearic acid 
(7*6); myristic acid (3*1); butyric acid (3*1). 
Oleic acid (40-3); palmitic acid (28-5); stearic 
acid (21-4). 

Oleic acid (48); palmitic acid (30); stearic acid 
(18) (approx.). 

Oleic acid (45); stearic acid (27); palmitic acid 
(23) (approx.). 


Fish Oils 

Whale oil . 

Sperm oil . 

Cod liver oil 

Oleic acid (35); palmitoleic acid (18); palmitic 
acid (10); linoleic acid (9); and higher acids. 

Oleic acid (35); palmitoleic acid (24); and higher 
acids. 

Oleic acid (25); palmitoleic acid (20); palmitic 
acid (8-5) and acids of higher molecular weight 
including many with several double bonds. 


Mote: Figures given in brackets are percentages. 
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fats is reflected in the British Governments' efforts to increase the produc¬ 
tion of ground nuts in Africa. These nuts, when compressed (“expressed”) 
produce ground-nut oil (40-50 per cent), and leave an oil-cake which 
contains valuable protein matter and about 10 per cent of residual oil 
which makes it very valuable as a cattle food. 

Hydrogenation of Oils. It has been seen that oils differ from fats only in 
their lower melting points due to the presence of glycerides of unsaturated 
acids. Since fats are more useful industrially, and are much preferred by 
the housewife to oils, considerable quantities of oils are nowadays 
hardened by hydrogenation in the presence of a catalyst. During this 
process, the unsaturated acids are converted to saturated acids. There are 
various modifications of the process, but they all involve heating the oil 
with hydrogen under 2-5 atmospheres pressure at about 200°C in the 
presence of nickel as catalyst. The process is in fact a modification of the 
Sabatier-Senderens reaction described earlier in connexion with hydro¬ 
genating unsaturated hydrocarbons. When the oil has hardened suffici¬ 
ently (as indicated by cooling test samples), the process is stopped and the 
hot liquid fat filtered off from the nickel catalyst. Very small quantities 
of nickel, however, always remain in the resulting fat. 

Waxes. These may be divided into two chemically different classes— 
(a) Mineral waxes, such as the various grades of paraffin wax. These 
are not esters, but simply mixtures of various higher hydrocarbons. 

(/;) Animal and vegetable waxes which are esters of various higher 
mono-hydric alcohols (which distinguishes them from edible oils and fats). 
Examples include animal waxes such as beeswax (esters of myricyl alcohol), 
wool wax, spermaceti (esters of cetyl alcohol—obtained from whale 
sperm oil) and vegetable waxes such as carnauba, candellilo, esparto and 
shellac waxes. 

Soaps 

When fats and oils, such as tallow, palm-oil, coconut oil, etc., are boiled 
with sodium hydroxide, they are hydrolyzed (“saponified”) to produce 
the sodium salt of the fatty acids and liberate glycerol 


CH 2 0 OC . C 17 H33 

NaOH 

CH 2 OH 

1 

CH . O ioc . C 17 H 35 

+ NaO H - 

> CH . OH + 3C 17 H35 . COONa 

I : 


| sodium stearate 

ch 2 o |oc.c 17 h 35 

NaOH 

ch 2 oh 


:.: glycerol 

stearin or tri-stearin 


The resulting sodium salts of the higher fatty acids are known as soaps. At 
the end of the boiling operation, common salt is added, either as the solid 
or in solution, to salt-out the soap. The latter separates from the solution 
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and rises to the surface as a granular curdy mass. The lower brine solution 
containing the glycerine is then drawn off from the bottom, and the 
granular soap which remains behind in the soap pan is then made 
homogeneous and pasty by mixing with hot water or by blowing in steam. 
It is then run off into suitable wooden moulds and allowed to solidify, 
or it may be quickly cooled by allowing it to fall on to an internally- 
cooled rotating drum. The resulting thin sheets of soap are then broken 
into smaller pieces and rapidly dried in a current of hot air. 

In the manufacture of toilet soap, perfume and colouring matter are 
added at this stage, and the mixture again made homogenous by milling 
before passing to the final compressor and stamping machine. In the 
manufacture of soap flakes, however, the soap is milled between water- 
cooled steel rollers to produce flakes about 0 005 in. thick. Soap powders 
are produced by adding various sodium salts, such as the carbonate, 
silicate and phosphate, to the liquid soap in the soap pan, and then spraying 
the resulting mixture into a rapid stream of hot air. The droplets are in 
this way rapidly dried to form hollow globular particles, which are sold as 
soap powders. 

Hard soaps are formed when sodium hydroxide is used, and soft soaps 
when potassium hydroxide is used. The latter are prepared by boiling oils, 
such as whale oil, linseed oil, or cotton-seed oil with potassium hydroxide, 
and omitting the salting-out operation. These soft soaps therefore retain 
the glycerol liberated during the saponification. 

Instead of boiling fats with sodium or potassium hydroxide solution, 
the fats may be hydrolyzed into glycerol and the free acids, and the latter 
then converted into soaps or used for other purposes. 


ch 2 o 

1 

OC . c 15 h :!1 

HO 

-H 

CH 2 OH 


1 

CH—O 

1 

OC . C 15 H 31 f 

HO- 

-H 

-> CHOH 

3C ls H ;i , . COOH 

palmitic acid 

ch 2 o 

OC . c 15 h 31 

palmitin 

HO- 

-H 

CH 2 OH 

glycerol 



One such method consists in steam distilling a mixture of the fat with 
concentrated sulphuric acid; a second process heats the fat in an auto¬ 
clave under pressure with water (together with small amounts of lime, 
magnesia or zinc oxide); yet a third, and more modern process, is to treat 
the fat with about 1 per cent of Twitched reagent and water at 100 C. 
Twitchell reagent is naphthalene sulphonic acid, prepared by the action of 
concentrated sulphuric acid on naphthalene, and possesses the remarkable 
property of catalyzing the saponification of esters. 

Modern Detergents other than Soaps. The above brief account of soap 
would not be complete without some mention of the present day trend to 
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replace soaps by other materials the manufacture of which do not involve 
the consumption of valuable edible oils and fats. These are mostly produced 
by sulphonating mineral oils, non-edible oils such as castor oil, rape-oil, 
etc., higher alcohols, such as lauryl and stearyl alcohols. These compounds 
or their salts (e.g. sodium salts) are best described as surface-active agents, 
and are used extensively as detergents (i.e. cleaning agents), emulsifiers, 
and wetting agents. Examples include Teepol, Turkey-red oil (sulphonated 
castor oil), Dreft (mainly sodium lauryl sulphate), Drene (triethanolamine 
lauryl sulphate) and Igopon T which is a sodium salt of a complex fatty 
acid amide with the formula 


ch 3 (ch2) 7 ch : ch(ch2) 7 c 


/ 


o 


NH . CH 2 . CH 2 . S0 3 Na 


The latter is stable in both acid and alkaline solutions and does not give a 
precipitate with calcium and magnesium salts. 


Esters of Inorganic Acids 

These are formed by the usual methods, for example, by the action of the 
acid on the alcohol in the presence of a dehydrating agent. The alkyl 
halides, discussed in an earlier chapter, are typical inorganic esters. Other 
examples include ethyl hydrogen sulphate, . HS0 4 , and di-ethy 

sulphate, (C 2 H 5 ) 2 S0 4 , and these two examples serve to remind us that when 
the acid is polybasic, acid esters are formed as well as the normal ester. 

Di-methyl Sulphate is, perhaps, the most important of the sulphate 
esters, being used in considerable quantities for the purpose of introducing 
a methyl group into the molecule of another organic compound. It is a 
colourless oil, b.p. 188°C, is very poisonous and dangerous to handle, 
and is prepared by distilling methyl hydrogen sulphate under reduced 

pressure. 

2CH 3 . HS0 4 -> (CH 3 ) 2 S0 4 + h 2 so 4 

Methyl Hydrogen Sulphate is prepared, like ethyl hydrogen sulphate, by 
the action of fuming sulphuric acid on methyl alcohol, or by heating the 
alcohol with concentrated sulphuric acid. 


Nitrous Esters (and Nitro-compounds). Two classes of compounds are 
known with the general formula R . NO a . The first of these are the esters 
of nitrous acid and have the structural formula, R—O—N-O. These 
are the nitrites. The nitro-compounds which form the second class have 

the formula 


R—N 


/ 


O 


O 
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The main differences between these two isomeric series of compounds are 
summarized in the following table. 

Table 120 

Properties of Nitrites and Nitro-paraffins 


Nitro-paraffins R— 


O 


O 


Nitrites R—O—N = 0 


Preparation. By the action of nitrites 
on alcohols in the presence of 
cone. H 2 S0 4 , the reaction being 
carried out in a freezing mixture 

Easily saponified, for example by 
aqueous KOH— 

C 2 H 5 0—N = O + KOH->C 2 H 5 OH 

+ kno 2 

With reducing agents, such as nascent 
hydrogen, the nitrites give the 
alcohol and hydroxyl amine, 
(NHoOH)— 

C 2 H 5 ONO + 4H-^ c>h 5 oh 

+ NH 2 OH 

Nitrites are low boiling esters and 
have the N in the trivalent state. 


By distilling a mixture of silver 
nitrite with the appropriate alkyl 
iodide— 

I C 2 H 5 I 4- AgNO, -> Agl + C 2 H 5 . NO, 

Form a salt with alkalis, and are not 

I saponified— 

C 2 H 5 N0 2 + KOH -> Q>H 4 KNOo 

I + h 2 o 

With reducing agents they form the 
very important amines, e.g. R . NH 2 

C 2 H 5 N0 2 + 6H -> C 2 H 5 NH 2 -f 2H 2 0 


Nitroparaffins are not esters, have 
L relatively high boiling points and 
l the N is pentavalent. 


CHAPTER 33 


AMINES 


The amines may be considered to be ammonia derivatives obtained by 
replacement of the hydrogen by alkyl (or aryl) groups. It follows that 
there should be three classes of amines, corresponding to the introduction 
of one, two or three such groups into the ammonia molecule, e.g.— 


Primary amines , e.g. 

ch 3 . nh 2 


methylamine 

Secondary amines , e.g. 

ch 3X 

)nh 

CH/ 


dimcthylamine 


ch 3X 

Tertiary amines , e.g. 

)>N—< 
CH/ 


trimethylamine 




Compounds of the type [R 4 N]X, corresponding to ammonium salts, are 
also known. Although these may also be regarded as amines, since they 
are derived from ammonia, it is usual to' refer to them as quaternary 
ammonium compounds, e.g. [(CH 3 ) 4 N]OH, known as tetramethyl am¬ 
monium hydroxide. We shall defer*the discussion of this last class until 
later in the present chapter, and deal first with the primary, secondary and 
tertiary amines. 

Preparation. The amines were originally prepared directly from am¬ 
monia by heating the appropriate halide (e.g. C 2 H 5 I) with alcoholic am¬ 
monia in a sealed tube at about 100°C. The following reactions occurred 
to form a mixture of the above four types of amines— 


NH 3 + C 2 H 5 I -> C 2 H 5 NH 2 + HI 
C 2 H 5 NH 2 + C 2 H 5 I -> (C 2 H 5 ) 2 NH + HI 
(C 2 H 5 ) 2 NH + QH 5 I (C 2 H 5 ) 3 N + HI 
(C 2 H 5 ) 3 N + C 2 H 5 I -> [(C 2 H 5 ) 4 N]I 

These amines, present in the mixture as their HI salts, were then separated 
with difficulty by various methods, only one of which will be describe 

here. u 

(a) Potassium hydroxide solution is added and the mixture then 
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distilled. The distillate contains EtNH 2 , Et 2 NH and Et 3 N, and the non¬ 
volatile [Et 4 N]OH remains behind. 

( b ) The distillate is then treated with benzoyl chloride, C 6 H 5 COCl. 

EtNH 2 -> Et . NH . OC . C 6 H 5 . . . (i) 


Et 2 NH 


Et 


Et 


N . CO . C«H 


6**5 



Et 3 N (does not react with C 6 H 5 . COC1) . . (iii) 

The separation of (i), (ii) and (iii) is then based on the facts that— 

(i) is soluble in KOH (-> Et.NK.CO.C 0 H 5 ); (ii) and (iii) are not; 
(ii) is non-volatile; (iii) is volatile. 

The procedure, therefore, is to add potassium hydroxide solution, and 
extract with ether to remove (ii) and (iii). Distillation of this ether extract 
then separates (iii) from (ii). The primary and secondary amines are then 
recovered from (i) and (ii) by hydrolyzing with a strong acid. 

Direct methods for preparing primary and secondary amines have 
replaced the above method, but tertiary and quaternary amines are prepared 
by this method. 

Primary Amines. Three methods are available for the preparation of 
primary amines. 

(a) Gabriel's Synthesis. The following stages are involved— 




—CO 


X\ 


V/ 



o 


NH. 


CO 


—CO 





NH 


KOH 


phthalic 

anhydride 


phthalimide 



—CO 


CO 


potassium 

phthalimide 


NK 


^ \ 

—CO, : . 

V \ 


>N!K + IiEt (reflux) -> 



—CCK i. 



—CO 


CO 



N—Et 





/ 

(hydrolysis with alkali) 

OOH ^ 

+ Et . NH 2 

-COOH ethylamine 

(b) Hofmann's Reaction. Conversion of an amide into a primary amine 
by reaction with bromine and potassium hydroxide. 

(i) The amide is cautiously mixed with bromine, and then KOH 
solution slowly added until the colour of the bromine disappears— 

. CONH a (+ Br 2 + KOH) C 2 H 5 . CONHBr 

31 —(I .447) 
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(ii) The monobromo-amide is then slowly added to a concentrated 
aqueous solution of potassium hydroxide, and the ethylamine subsequently 
distilled over. 

C 2 H 5 . CONHBr + 3KOH -> C 2 H 5 . NH 2 + KBr + K 2 C0 3 + H 2 0 
The mechanism of the latter reaction appears to be— 


H 

C 2 H 5 . CON<; -> C 2 H 5 . CON< 

Br 


/K 


\Br 


QHg . CON 


< 


+ KBr 


C 2 H 5 -N= 


tautomeric change 

/ 

=c=o 


which is hydrolyzed by the KOH to give C 2 H 5 . NH 2 + K 2 C0 3 

(c) By reduction , for example via sodium and alcohol or tin and hydro¬ 
chloric acid, of the corresponding nitriles and nitro-compounds— 

CH 3 . CN (+ Na + alcohol) -> CH 3 . CH 2 . NH 2 

ethylamine 

CH 3 . N0 2 (H- Sn + HCI) -* CH 3 . NH 2 

methylamine 

Thus to convert methyl alcohol into ethylamine the following reactions are 
involved— 

CH 3 OH p and '■ -> CH 3 I CH 3 . CN -5-»- CH 3 . CH 2 . NH 2 

and to convert methyl alcohol into methylamine— 

CHiOH p and 11 -> CH 3 I CH 3 . NO, 


> CH, . NH. 


Secondary amines are usually prepared from aniline, C 6 H 5 . NH 2 , the 
reactions involved being— 

C 6 H 5 . NH 2 + C 2 H 5 I (excess) -> C 6 H 5 . N(Et) 2 

Et Et Et Et H 



HNOj 


di-ethyl 

aniline 



KOH 



+ Et 2 NH 

di-ethylamine 


NO 

nltroso-dicthyl 

anilin e 


NO 

NitrosO' 

phenol 
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Secondary (and tertiary amines) are also prepared from primary 
amines by reaction with a suitable alkylating agent, such as di-methyl 
sulphate— 

CH 3 . NH 2 + (CH 3 ) 2 S0 4 -> (CH 3 ),NH + CH 3 . HSO., 
(CH 3 ) 2 NH -I- (CH 3 ) 2 S0 4 -> (CH 3 ) 3 N + ch 3 . hso 4 

Properties of Amines. The lowest members are gases, very soluble in 
water and have a fishy (ammoniacal) odour. In these properties they 
resemble ammonia. The lower members are also inflammable, differing in 
this respect from ammonia which only burns in an atmosphere of oxygen. 
The solubility, volatility and odour all decrease with increase in molecular 
weight. 

The more important chemical reactions include— 

(a) They resemble ammonia in their basic properties. Thus they form 
salts with apids, and these salts have the same ammonium type of 
formula— 

NH 3 + HC1 -> [NHJC1 

ammonium 
chloride 

CH 3 NH 2 + HC1 [CH 3 NH 3 ]C1 

methyl ammonium 
chloride 

h 2 so 4 -> [NH 4 ] 2 S0 4 

ammonium 
sulphate 

h 2 so 4 -> [CH 3 NH 3 ] 2 so 4 

methyl ammonium 
sulphate 

(b) Like ammonia, the amines form double salts with the chlorides of 
certain metals, such as gold and platinum. Thus, the platini-chlorides may 
be prepared by dissolving the amine in hydrochloric acid and adding 
chloroplatinic acid, H 2 PtCl 6 — 

2CH 3 NH 2 + H 2 PtCl 6 -> [CH 3 NH 3 ] 2 PtCl 6 

These chloroplatinates are extremely insoluble and decompose quantita¬ 
tively on heating to leave a residue of metallic platinum. They are there¬ 
fore used in organic analysis to determine molecular weights of unknown 
amines. Thus, if we represent the amine by “B,” the formula of the 
resulting chloroplatinate will be [BH] 2 . PtCl 6 (or B 2 H 2 PtCl 6 ) 

Then height of chloroplatinate _ 2B + H 2 PtCl 6 _ 2B + 410 
Weight of platinum residue Pt 195 


2NHq + 


2CH 3 NH 2 + 
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The solution to this equation then gives “B,” the molecular weight of 
the amine. 

(c) The basic properties of the amines increase with increase in the 
number of alkyl groups. They all form hydroxides, the basicity increasing 
in the order: primary -> secondary -> tertiary quaternary. The 
basicity of the quaternary ammonium hydroxide, however, is very much 
greater than the tertiary ammonium hydroxide, and approximates closely 
to that of sodium and potassium hydroxides. The replacement of the last 
of the hydrogen atoms in ammonium hydroxide by an alkyl group thus 
leads to an unexpectedly big increase in basic properties. 

The following additional reactions are important when it is required to 
determine whether a given amine is primary, secondary or tertiary. 

1. Reaction with Nitrous Acid. The reaction is carried out by adding 
sodium nitrite to a solution of the amine in excess of hydrochloric acid. 
The nitrous acid is then liberated in situ and reacts with the amines as 
follows— 

Primary amines —Formation of the alcohol with evolution of nitrogen. 


R—N 



N—OH -* R—OH 4 - N 2 + H 2 0 


Secondary amines —Formation of a nitrosamine (a yellow oil, which 
may be extracted with ether and purified by steam distillation)—no 
nitrogen evolution. 


R 


R 



N 


H + HO 


N = 0 


R 


R 


N—NO + HoO 


Tertiary amines —Tertiary aliphatic amines do not react with nitrous 
acid—(tertiary aromatic amines form nitroso-compounds, for example, 
Et 2 N—C 6 H 4 —NO). 

2. The Carbylamine Reaction. This is a very delicate test for a primary 
amine. When a primary amine is warmed with chloroform and alcoholic 
potash, the very persistent and offensive odour of an isocyanide (or 
carbylamine) is obtained. The test should be carried out using only a small 
quantity of the amine, and once the carbylamine odour has been detected, 
the tube should be cooled and very carefully treated with an excess of 
concentrated hydrochloric acid. The latter stops the reaction and destroys 
the poisonous iso-cyanide. 

C 2 H 5 NH 2 + CHCls + 3KOH - 3KC1 + 3H 2 0 + C 2 H 5 NC 

Secondary and tertiary amines do not give this reaction. 

3. Reaction with Benzene Sulphonyl Chloride (C 6 H 5 . S0 2 C1) or with 







AMINES 


955 


benzoyl chloride (C 6 H 5 . COC1). In these reactions the hydrogen of the 
amine is substituted by the group (C 6 H 5 . SO.,—) or (C 6 H 5 . CO—). 

R—NH 2 -> R—NH—OC . C 6 H 5 (soluble in KOH) 

R R\ 

)NH -> }N—OC . C 6 H 5 (insoluble in KOH) 

R X R x 


R—)N (contains no hydrogen on the N-atom) no reaction. 
R/ 


Quaternary Ammonium Compounds 

These are formed by the “addition” of an alkyl halide (usually the iodide) 
to the tertiary amine— 

Et 3 N + EtI -* [Et 4 N]I 

tetra-cthyl 

ammonium 

iodide 

These quaternary ammonium halides react with moist silver oxide to 
form the corresponding quaternary ammonium hydroxide, for example, 
tetra-ethyl ammonium hydroxide— 


• • 

[Et 4 N] il + Ag OH Agl + [Et 4 N]OH 

f t 


This is a white deliquescent solid which dissolves readily in water to give 
a strongly alkaline solution. As a class, the quaternary ammonium 
hydroxides are strong bases, they absorb carbon dioxide from the air, and 
have a soapy feel, etc. They decompose on heating to form the tertiary 
amine and alcohol— 

[(CH 3 ) 4 N]OH -> (CH 3 ) 3 N + CH 3 OH 

but more complex compounds break up on heating to form an unsaturated 
hydrocarbon and water instead of the alcohol— 

[(C 2 H 5 ) 4 N]OH -* (C 2 H 5 ) 3 N + c 2 h 4 + h 2 o 

Ascent and Descent in an Homologous Series 

It is possible by choosing the appropriate reactions to convert one com¬ 
pound into the next higher member of the homologous series. Thus, 
methyl alcohol may be converted into ethyl alcohol by the following 
sequence of reactions— 



CH 3 . CHO 


CH 3 . CH 2 OH 
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By a different sequence of reactions, it is possible to descend the series. 
Thus, to convert ethyl alcohol to methyl alcohol the reactions would be— 

QHg . OH CH 3 . COOH CH 3 . CONH 2 Br — KQH -* 

CH 3 . CONHBr 




CHAPTER 34 


POLYHYDRIC ALCOHOLS, POLYBASIC ACIDS 

AND THEIR DERIVATIVES 


Polyhydric Alcohols. As the name suggests, these are compounds which 
contain more than one alcoholic group in the hydrocarbon molecule. The 
simpler and best known examples include— 


ch 2 oh 

ch 2 oh I 

I and CH—OH 

CH 2 OH | 

giycoi CH 2 OH 

glycerol 

In general, these polyhydric alcohols possess the properties of the mono- 
hydric alcohols n times, where n is the number of hydroxyl groups in the 
molecule. The characteristic additional properties associated with in¬ 
creasing n are: ( a ) increasing boiling point—due to increasing mole¬ 
cular weight, ( b ) increasing solubility in water, and (c) increasing 
sweetness. 

The very large class of compounds, known collectively as the sugars, 
may be regarded as derivatives of the higher polyhydric alcohols. 

Glycol (or Ethylene Glycol), C 2 H 4 (OH) 2 , may be prepared by boil¬ 
ing ethylene dibromide with sodium hydroxide or sodium carbonate 
solution— 

2 Br CH 2 OH 

saponified 

CH 2 CH 2 Br CHoOH 

The oxididation of ethylene with a cold, very dilute, alkaline solution of 
potassium permanganate also gives rise to glycol 


ch 2 c 

I + Br 2 -> I 


CH 2 CHoOH 

| + h 2 o + 6 -* I 

ch 2 ch 2 oh 


Properties. Glycol is a colourless viscous liquid (b.p. 197°C, density 
.HO) with a sweet taste. It is extensively used as an “anti-freeze” 
in motor-car radiators during cold weather periods. Chemically, its 
properties are those of the monohydric alcohols two-fold, since it contains 
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two hydroxyl groups. The more important of these reactions are given 
below. 

1. Formation of esters with acids. Examples include— 

ch 2 —ooc. ch 3 ch 2 —ooc . ch 3 

ch 2 oh ch 2 —ooc . ch 3 

glycol monoacetate glycol diacetate 

With hydrochloric acid, the reaction stops at the half-way stage to form 
ethylene chlorhydrin— 

ch 2 oh ch 2 ci 

I + HC1 -> I + H 2 0 

ch 2 oh ch 2 oh 

2. The latter compound, when heated with sodium hydroxide, forms 
ethylene oxide— 

CH 2 C1 CH 2 v 

I + NaOH -> | >0 -F H 2 0 + NaCl 

ch 2 oh ch/ 


Ethylene oxide, which may be regarded as the anhydride of glycol, reacts 
with alcohols to form an important class of ethers, many of which are 
valuable commercial solvents. Examples include— 


ch 2 oh 





ethylene glycol monoethyl ether (= 

ch 2 oc 2 h 6 


ch 2 oh 

1 




1 

ch 2 


ch 2 oh 

ch 2 \ 

1 

diethylene 

1 + 

• 1 >o- 

*o 

glycol (= 

ch 2 oh 

CH / 

1 

ch 2 

1 

ethyl ether 



1 

ch 2 oh 



“ Cellosolve ”) 


“CarbitoD 


3. On careful oxidation with nitric acid, the following compounds are 
formed— 

CH 2 OH _ CH 2 OH _ CHO _ COOH 
I 2 _o_> | -0-> | | 

CH 2 OH COOH COOH COOH 

glycollic acid glyoxalic acid oxalic acid 
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Glycerol (or Glycerine), CH 2 OH . CHOH . CH 2 OH. Glycerol occurs in 
large quantities in nature as the glycerides of the higher fatty acids in oils 
and fats (see p. 944), and these latter form the most important source of 
this very important compound. 

The recovery of glycerol from the waste soap-lyes, that is the solutions 
remaining after saponifying fats with sodium hydroxide and salting out 
the soap, is an important example of the commercial methods for obtaining 
glycerol from fats. The lyes are first neutralized with hydrochloric acid 
and then treated with ferric salts to precipitate out any free organic acids 
present. After filtration, the solution, which may contain from 3-8 per 
cent of glycerol, is concentrated by evaporation in vacuo. A considerable 
proportion of the salt (NaCl) separates out during this process and is 
separated. The solution containing about 80 per cent glycerol (and 10 per 
cent NaCl) is then distilled under reduced pressure in a current of super¬ 
heated steam to produce chemically pure glycerol. Anhydrous glycerol is 
obtained from this by vacuum evaporation. 

A similar sequence of operations is employed to separate glycerol from 

the sweet liquors obtained on “splitting'’ oils and fats (for example by 

Twitchell Reagents, or steam heating, or heating with a small quantit’v of 
lime, etc.). n J 

Glycerol is also produced commercially, particularly in the U S A by 
synthetic methods from propylene. Propylene, obtained as a by-product 
of the cracking process to convert higher petroleum oils into petrols is 
converted into glycerol by the following reactions— 


ch 3 

ch 2 ci 

1 

CHoCl 

ch 2 oh 

CH C1 * 

> CH Hocl 

| 

_v ri4r»U NaOH 

1 

II 

|| 

> tnuil - 

-> CHOH 

I 

II 

ch 2 

II 

ch 2 

1 

CH 2 C1 

CHoOH 


Properties. Glycerol is a colourless syrupy liquid which is very hygro¬ 
scopic and mixes with water in all proportions. It is used in large quantities 
in the manufacture of mtro-glycenne explosives, and in smaller quantities 

m i, h t ',T Ufa , CtUre ° f 8 ' ypta ‘ resins (made b y reaction with phthalic 
anhydride), and in paint and varnish manufacture; as an anti-freeze in 

motor-cars; as a softening and moistening agent in printing inks tvoe 

lea ' h ' r ««*• ■»* <» 

a lnnhT iC ri y ’ itS , P r °P erties are those to be expected for a tri-hydric 
alcohol. Thus, it forms mono-, di- and tri-esters whirh ar ~ u C 

as glycerides. Nitroglycerine is the triglyceride formed by reaction 
with nitric acid. It should, however, be called glyceryl ^ri-nit rate 
since it does not contain a nitro (N0 2 ) group ^^recUy attaS 
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through the N atom to a carbon atom and is therefore not a nitro 
compound— 

H CH 2 —O—N0 2 


H— C— NO. 


CH—O—NO. 


H 

nitro-methane 


ch 2 —o—no 2 

glyceryl trinitrate 
(= "nitroglycerine”) 


With hydrochloric acid, glycerol forms only the mono- (a-) and di- 
(aa'-) esters— 

ch 2 ci ch 2 ci 

CHOH and CHOH 

I I 

ch 2 oh ch 2 ci 


When heated with dehydrating agents, an unsaturated aldehyde, known as 
acrolein is formed— 


C3H 5 (OH) 3 —2H 2 0 -> CH 2 =CH—CHO 

acrolein 


Formula. The formula of glycerol, which may be established by methods 
analogous to those outlined for methyl alcohol (see p. 894), receives elegant 
confirmation from the following synthesis of glycerol from acetic acid— 


CH 3 


ch 3 ch 3 



COOH 

acetic 

acid 


distillation of 
Ca salt 


> CO 


ch 3 

acetone 


> CHOH 


ch 3 

iso-propyl 

alcohol 


- H,0 


> CH 
CH 2 

propylene 


ch 3 ch 2 ci ch 2 oh 

Si-Hy CHC1 CHC1 — ydroly —-> CHOH 

I I I 

ch 2 ci ch 2 ci ch 2 oh 

propylene tri-chloro glycerol 

di-chloride propane 


DI-BASIC ACIDS 

COOH 

Oxalic Acid, | , the simplest of the dibasic organic acids, is present 

COOH 

in many vegetable substances, such as the leaves of rhubarb and beet 
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plants. It is, however, prepared commercially from raw materials which 
do not themselves contain oxalic acid, for example, saw-dust, and also by 
synthetic methods from carbon monoxide. 

1. From Sawdust. The sawdust is fused with sodium hydroxide in pre¬ 
sence of air. Oxalic acid is formed as its sodium salt, and this is extracted 
with water. The solution of sodium oxalate is then treated with milk of 
lime to precipitate calcium oxalate. This latter is then separated and treated 
with the calculated quantity of dilute sulphuric acid. The solution of oxalic 
acid which results is filtered from the calcium sulphate, and concentrated 
by evaporation. Oxalic acid crystallizes as the di-hydrate, H 2 C 2 0,. 2H.>0. 

2. From Sugar. When sugar is added to concentrated nitric acid heated 
on a water bath, a vigorous reaction occurs to form oxalic acid. Concen¬ 
tration of the solution by evaporation then produces crystals of oxalic 
acid di-hydrate. 

3. From Carbon Monoxide. Carbon monoxide is first made to react 

with 97-98 per cent sodium hydroxide solution at 200°C under 8-10 
atmospheres pressure in an autoclave to form sodium formate_ 


CO + NaOH = H . COONa 


The temperature is then raised to about 375°C and the pressure in the 
autoclave reduced to draw off the hydrogen produced by the following 
decomposition of the sodium formate— & 


COONa 

2H.COONa -> | + H., 

COONa 

When no more hydrogen is evolved, milk of lime is added to precipitate 

calcium oxalate which is separated and treated with sulphuric acid as in 
the first method— r 


Na 2 C 2 0 4 -f- Ca(OH) 2 ^ CaC 2 0 4 + 2NaOH 

Properties Oxalic acid crystallizes from aqueous solution as the 
dihydrate H 2 C 2 0 4 2H 2 0, m.p. 101°C. The anhydrous acid may be 
prepared by carefully heating this dihydrate, but more vigorous heating 
leads to decomposition as indicated in the following reactions— g 


COOH 


COOH 


-> H . COOH (formic acid) -f CO. 


h 2 o + CO 


Similar decomposition occurs on heating the oxalate salts. Thus calcium 
oxalate decomposes to form calcium carbonate and carbon monoxide- 

CaC,0 4 -» CaC0 3 + CO 
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The formation of formic acid by thermal decomposition of oxalic acid 
explains the fact that whereas formic acid will reduce alkaline permanganate 
in the cold, oxalic acid will only do so slowly on heating. With acidified 
permanganate, however, the reaction occurs on gently warming. This 
reaction occurs quantitatively, so that oxalic acid is often used to stan¬ 
dardize permanganate solutions in volumetric analysis— 

H 2 c 2 0 4 + 6 -> 2C0 2 + H 2 0 

The oxalic acid solution, prepared by dissolving a weighed amount of 
oxalic acid di-hydrate in water, is acidified with excess dilute sulphuric 
acid and heated to about 70 c C before adding the permanganate solution 
from the burette. The permanganate is decolourized, and the endpoint of 
the titration is determined in the usual way by the first appearance of a 
permanent pale-pink coloration. 

Oxalic acid (and oxalates) are decomposed on heating with concentrated 
sulphuric acid to liberate carbon dioxide and carbon monoxide— 

h 2 c 2 o 4 -h 2 o -> CO + co 2 

This latter reaction may be used as a test for oxalic acid (or oxalates). The 
carbon monoxide burns with a blue flame, and the carbon dioxide may be 
detected by the lime-water reaction. Other polybasic organic acids also 
liberate carbon monoxide and carbon dioxide on heating with concentrated 
sulphuric acid, but these are distinguished by blackening of the solution 
due to charring, by odour, etc. 


Compound 

| Observation 

Cyanide, oxalate, formate 

Carbon monoxide evolved—no charring 

Tartrate or sugars . 

Chars rapidly, carbon monoxide evolved and 
odour of burnt sugar 

Malate .... 

1 

Chars rapidly, carbon monoxide evolved and 
odour of apples 

Citrates and succinates . .: 

Chars slowly, carbon monoxide evolved and 
irritant vapours 


Oxalic acid (and oxalates) may also be detected by reaction with calcium 
chloride in neutral solution. A white precipitate of calcium oxalate is 
formed which is insoluble in dilute acetic acid, but dissolves in dilute 
hydrochloric acid. 
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The other reactions of oxalic acid are those to be expected from a di¬ 
basic organic acid. Thus it forms both normal and acid salts, known as 
oxalates, by reaction with bases; it forms esters, for example, by distilling 
the anhydrous acid with the appropriate alcohol; and it reacts with 
phosphorus pentachloride to form oxalyl chloride— 

COOH COC1 

| + pci ,_^ | 

COOH COC1 


Oxamide, the di-amide, may be prepared by heating ammonium oxalate, 
or better by adding strong ammonia to methyl or ethyl oxalate, when it is 
obtained as a white precipitate— 

COOCH 3 CO . nh 2 

I + 2 NH 3 -> I + 2CH 3 OH 

COOCH 3 CO . nh 2 

When oxamide is heated with phosphorus pentoxide, the corresponding 
nitrile, known as cyanogen, is formed— 


CO . nh 2 cn 

I -*■ I + 2H 2 0 

CO . NH 2 CN 


Uses. Oxalic acid, potassium hydrogen oxalate (salts of sorrel or salts 
of lemon) and potassium quadroxalate are used in the textile industries, 
particularly in calico printing, and also for removing colour (i.e. a bleaching 
a g en 0, ink stains, iron mould and for cleaning leather. Both the acid 
and its salts are very poisonous. Potassium quadroxalate is a double 

l a ^ f P° taSS1Um h y dr °g en oxalate and oxalic acid, and has the formula 

• **2^2^4 • 2H 2 0. 


COOH 


Malonic Acid, CH 2 . Malonic acid, the next higher homologue to oxalic 


COOH 

acid, may be prepared from acetic acid by the following reactions— 

CH 3 . COOH CH 2 C1 . COOH - KCN > 

CH./ —h ydrolysis CH / COOH 


COOH 



COOH 


When heated, malonic acid loses carbon dioxide to form acetic acid This 
acetic°acid. USed “ ® malonic - ester ^thesis for preparing derivatives of 
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Malonic-ester Synthesis. The —CH 2 — group in malonic acid possesses 
feeble acidic properties. In the free acid, however, these properties are 
completely masked by the much more strongly acidic —COOH groups. 
When malonic acid is converted into one of its esters, such as di-ethyl 
malonate, the acidic properties of the —CH 2 — group become apparent. 
This fact is utilized in the so-called malonic-ester synthesis of substituted 
acetic acids, as in the following example— 


CH, 


COOH 


COOH 


+ 2EtOH -> CH, 


COOEt 


COOEt 


COOEt COOEt COOEt COOEt 

CH 2 ——CHNa -£=*--> CHR' CR'Na 

COOEt COOEt COOEt COOEt 



R' 

I 

H—C—COOH + C0 2 

I 

R" 


CH 2 . COOH 

Succinic Acid, | . The following preparation of succinic 

CH 2 . COOH 

acid from ethylene serves also to establish the formula of this acid— 
CH, CH 2 Br CH 2 CN CH 2 . COOH 

|| Br, ^ | KCN > | hydrolysis ^ | 

CH 2 CH 2 Br CH 2 CN CH 2 . COOH 


HYDROXY-ACIDS 

CH 2 OH 

Glycollic Acid, | . This acid, known also as hydroxy acetic acid, 

COOH 

may be prepared from acetic acid by the intermediate formation of mono- 
chloroacetic acid, CH 2 C1. COOH. Chlorine is bubbled into hot acetic 
acid in the presence of a halogen carrier, such as iodine. Reaction occurs 
to form mono-, di- and tri-chloroacetic acids, the course of the substitution 
being followed by weighing the reaction vessel from time to time. When 
the increase in weight corresponds approximately to the formation o 
mono-chloroacetic acid, the reaction is stopped and the mono-chloroacetic 
acid separated by fractional distillation. It is then converted into potassium 
glycollate by boiling with aqueous potassium hydroxide. Glycollic acid is 
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then obtained by boiling the potassium salt with dilute hydrochloric acid, 
evaporating to dryness and extracting the glycollic acid with acetone. 

ch 3 ch 2 ci ch 2 oh ch 2 oh 

I ci, > | * KQH ^ | Z HC1 > | * 

COOH COOH COOK COOH 

Glycollic acid is a crystalline substance, melting at 80°C. It possesses 
the properties both of an alcohol and of a monobasic acid. This is con¬ 
firmed by its reactions with phosphorus pentachloride, alcohols, alkalis, 
etc. On oxidation, it is oxidized to glyoxylic acid and to oxalic acid— 

CH 2 OH _ CHO . COOH 

I — -> I -Q - » | 

COOH COOH COOH 

glyoxylic acid oxalic acid 

Lactic Acid, CH 3 . CH(OH) . COOH, i.e. 

H 

I 

CH 3 —C—COOH 

! 

OH 


Lactic acid occurs in sour milk, and results from the fermentation of milk 
sugar (lactose). It is prepared commercially by the controlled lactic 
fermentation of sugars from molasses or of the lactose in milk whey. 

C 6 H 12 0 6 -> 2CH 3 .CH(OH).COOH 


Its principal uses are as a de-liming agent in tanning (calcium lactate is 
soluble in water), and in the acid-dyeing of wool. Smaller quantities are 
used as its esters, ethyl and butyl lactate (used as lacquer solvents and 
plasticizers), as calcium lactate (for medicinal use), and as the acid in 
many pickles and soft drinks. 

Lactic acid may also be prepared synthetically from propionic acid and 
from acetaldehyde by the following reactions— 


ch 3 ch 3 ch 3 

CH 2 CHC1 ^ H - > CH(OH) 

COOH COOH COOK 


CH 3 

> CH(OH) 
COOH 


CH 


CH. 


CH 


HCN 


► CH(OH) - ^ drolysis -> CH(OH) 


CHO 


CN 


COOH 
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Properties of Lactic Acid. As usually obtained, it is a thick sour liquid, 
but when pure it is crystalline and melts at 18°C. It is both a mono- 
carboxylic acid and also a secondary alcohol, and accordingly shows the 
reactions of both these classes of compounds. The following additional 
reactions should be noted. 

When lactic acid is heated it forms a cyclic double ester with itself, 
known as Lactide— 

CH 3 . CHOH HOOC CH 3 . CH—O—CO 

I + I -*■ I I 

COOH HOHC . CH 3 OC-O—CH . CH 3 

Mild oxidation converts lactic acid into pyruvic acid, and the latter 
under more vigorous oxidizing conditions is decomposed to form acetic 
acid— 

ch 3 ch 3 

I I 

CH(OH) -> CO -> CH 3 COOH + C0 2 + H 2 0 

COOH COOH 


Malic Acid. This is the mono-hydroxy derivative of succinic acid and 
has the formula 


CH(OH). COOH 

I 

CH 2 . COOH 


Tartaric Acid. This is the di-hydroxy derivative of succinic acid, and 
is particularly interesting because of the part it played in the development 
of the theory of stereoisomerism (see p. 967). It has the formula 

CH(OH) . COOH 

I 

CH(OH) . COOH 

It is one of the more common vegetable acids, and is obtained commerci¬ 
ally from grapes during fermentation. A deposit of impure potassium 
hydrogen oxalate, known as argol , is deposited. The pure potassium 
hydrogen oxalate, known as cream of tartar , is obtained by leaching with 
water, filtering and crystallizing the solution. It may be converted into 
tartaric acid by treatment with sulphuric acid, but the usual procedure is 
to treat the argol deposit. This is boiled with hydrochloric acid and then 
nearly neutralized with milk of lime to precipitate calcium tartrate. The 
filtrate is treated with calcium chloride to obtain a further deposit of 
calcium tartrate. The combined deposits of calcium tartrate are then 
treated with the calculated quantity of dilute sulphuric acid, to precipitate 
calcium sulphate and produce an aqueous solution of tartaric acid. This 
is filtered off and evaporated to crystallize the tartaric acid. 
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Tartaric acid may be prepared in the laboratory from succinic acid by 
the following reactions— 

CH 2 . COOH CHBr . COOH CH(OH) . COOH 

| Br « > | AgOH ^ | 

CHo. COOH CHBr . COOH CH(OH) . COOH 

Properties and Uses. Tartaric acid is a di-hydroxy di-carboxy acid, 
and shows the usual reactions characteristic of these groups. When heated, 
tartaric acid (and tartrates) begins to decompose near its melting point 
(about 167~C) and chars when strongly heated producing the familiar 
odour of burnt sugar. The same odour is noticed when tartaric acid is 
heated with concentrated sulphuric acid. In this case the tartaric acid 
chars rapidly and is accompanied by evolution of carbon monoxide (blue 

flame) and carbon dioxide (lime-water test). Tartaric acid also gives the 
silver-mirror test with ammoniacal silver nitrate. 

Tartaric acid is used in baking powders, and in many effervescent drinks, 
such as health salts and Seidlitz powders. Rochelle salts , used in Fehling's 
solution, is sodium potassium tartrate. Tartar emetic obtained on boiling 
crearn^ of tartar with antimony oxide and water, is potassium antimonyl 


STEREOISOMERISM AND OPTICAL ACTIVITY 

It was stated in the last section that tartaric acid played an important part 
in the discovery and explanation of the phenomenon of stereoisomerism. 
But to understand fully all the implications of stereoisomerism it is 
necessary to discuss first the phenomenon of optical activity. 

Stated briefly, a substance is optically active if it rotates the plane of 
polarization of plane-polarized light. Ordinary light may be considered 
on the wave theory as energy transmitted through space by a wave-like 
motion, in which each ray is considered to be vibrating perpendicularly to 
its direction of propagation. The analogy of the waves produced by 
dropping a stone into a still pond is very appropriate, especially if one 
remembers the way in which a floating object, such as a corkf moves 
verticaUy up and down as the wave-motion spreads out from the point at 

rn th h ! t0nc f en u tcred - The rays of light also vibrate perpendicularly 
to the direction of the ray, but whereas the cork vibrates only up and down 

the rays of light vibrate in any direction in the plane perpendicular to the 

direction of the ray. When, however, light is passed through a Nicol prism 

it becomes plane polarized, that is, the rays are now all vibrating in the 

same plane and the analogy with the cork is complete. Certain substances 

rrpt^^aX^ ° f r ° tating P ' anC ° f P olariza * ion and are said to 

An examination of optically-active crystals shows that they do not 
possess a plane of symmetry, that is, they are asymmetric. Some of thej 
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crystals lose their optical activity when they are dissolved and in such cases 
n may be presumed that the optical activity of the solid results from an 
asymmetrical packing of the molecules in the solid crystal-lattice. Other 
crystals, however, retain their optical activity in solution, and in these 

cases the only possible explanation of the phenomenon appears to be that 
the molecules themselves are asymmetric. 

™ a >' n ° w consider, briefly, the work of Pasteur on tartaric acid 
(.1648 1854). Tartaric acid, as obtained from the juice of grapes, is optically 
active. A second compound with the same formula, structure and chemical 
properties as tartaric acid was subsequently isolated. This compound, now 
known as racemic acid, differed from tartaric acid only in one respect, 
namely, it was optically inactive. From these two acids Pasteur prepared 
crystals of their sodium ammonium salts, C 4 H 4 0 6 NaNH 4 .4H 2 0. The 
one from tartaric acid was found to be optically active, whilst the other 

from racemic acid was optically inactive. 
Pasteur, however, noticed that, whereas the 
crystals of the salt from tartaric acid all had 
the same arrangement of the crystal faces, 
the crystals of the salt from racemic acid 
could be divided into two types depend- 
Fig. 269. Sodium Ammonium ing on the arrangement of certain small 
Tartrate Enantiomorphs f aC es (shown shaded in the accompanying 

diagram). 

These two crystals are not superposeable, but are such that one is the 
mirror image of the other. Such crystals are said to be enantiomorphous. 
One of these was identical with the salt obtained from tartaric acid. 
Pasteur then separated these two forms of the salt from racemic acid and 
examined their solutions for optical activity. They were both found to be 
optically active, one rotating the plane of polarization of plane-polarized 
light to the right (i.e. dextro-rotatory) and the other to the left (i.e. laevo- 
rotatory). From these two solutions, Pasteur obtained the corresponding 
acids, and found that one was identical in every respect to the tartaric acid 
obtained from grapes, whilst the other differed only in that it rotated the 
plane of polarization to the left. With solutions of equal concentration, 
the rotation was numerically the same in the two cases, except that one 
was dextro-rotatory (like tartaric acid from grapes), whilst the other was 
laevo-rotatory. Pasteur thus established the existence of three forms of 
tartaric acid, two of which are optically active (d — and /— tartaric acids) 
and the third inactive (racemic acid). The latter appeared to be a physical 
mixture of equal quantities of the d — and /— tartaric acids and could 
by suitable methods be separated (or “resolved”) into these two acids. A 
fourth form of tartaric acid, known as meso-tartaric acid, was subse¬ 
quently discovered. This form is also optically inactive, but unlike 
racemic acid, it cannot be resolved into the two active acids. 
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The explanation of these various forms of tartaric acid followed quickly 
on the suggestion made independently by van’t Hoff and Le Bel in 1874, 
that the four valency bonds of carbon are not planar, as was previously 
supposed, but have a regular spatial distribution. The carbon atom may 
be regarded as being at the centre of a regular tetrahedron with its four 
valency bonds directed towards the four corners, as in the diagram. 



Some such theory was necessitated by the fact that only one compound 
having the formula of the type Ca 2 .vv, for example (CH 2 (OH) . COOH), 
has ever been isolated, whereas, if the planar arrangement of the carbon 
bonds is correct, there should be two— 

a a 

l l 

x —C —a and x —C —y 

i l 

V a 

With a regular tetrahedral arrangement of the carbon bonds, however, 
this difficulty disappears, since only one formula is possible— 



On this theory, however, compounds of the type Cabcd , in which the 

carbon atom is directly united to four different atoms or groups, should 

exist in two forms which are not superposeable but such that one is the 
mirror image of the other, e.g.— 

I 
t 


I 

mirror 

Van t Hoff argued that optical activity results from asymmetry in the 
molecule of the type described above, and that a compound to be optically 
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active must contain an asymmetric carbon atom , that is, one which is 
directly linked to four different atoms or groups. It may not be obvious, 
but it can soon be shown by the use of space models, that this asym¬ 
metry results from the absence of a plane (or centre) of symmetry in the 
molecule— 

a 

Plane of symmetry perpendicular to the plane of the 
paper. 

Molecule optically inactive, 
a 


No plane or centre of symmetry. 
Molecule optically active. 


We may, therefore, recapitulate at this stage and say that to be optically 
active a compound must not possess a plane (or centre) of symmetry. 
Examples include— 

H CH 2 . COOH C 2 H 5 

i 

CH,— C— COOH H— C— COOH H— C —CH„OH 

I 

OH OH CH 3 

lactic acid malic acid amyl alcohol 

In each of these compounds, the carbon shown in heavy type is asym¬ 
metric. Each exists in three forms, namely dextro-rotatory [d —), laevo- 
rotatory (/—) and the inactive racemic form which is an equi-molecular 
mixture of the d — and /— forms. Optical activity, however, is not 
limited to carbon compounds, but is found in covalent compounds of 
other elements, such as sulphur, nitrogen, tellurium, etc., the necessary 
condition in every case being the absence of a plane or centre of 
symmetry. 

We are now in a position to discuss the four forms of tartaric acid 
discovered by Pasteur. Reference to the following space formulae shows 
that I and II do not possess either a plane or centre of symmetry and must 
therefore be optically active—they are not superposeable and are such that 
one is the mirror image of the other. (Make space models of these two 
forms and show, by rotating one of the asymmetric carbon atoms about 
the C—C bond, that it is impossible to produce an arrangement in which 
the molecule possesses either a plane or centre of symmetry.) 
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HOOC OH H 



C 


H HO COOH 



C 


I 

c 



HOOC H OH I 

I mirror 


I 

c 



HO H COOH 
II 


Each molecule contains two identical asymmetric carbon atoms (shown in 
heavy type), but, as we shall see in a moment, this by itself is not sufficient 
for the molecule to be optically active. If we call the first of these two 
forms dextro-tartaric acid, then formula II will be that of laevo-tartaric 
acid. It has not been possible to determine which structure should be 
assigned to each acid, and so the convention has been adopted in which 
the dextro-acid is represented by the formula having the lower hydroxyl 
group to the right of the carbon chain. 

Racemic acid, the third form of tartaric acid, is an equi-molecular 
mixture of these two active forms, and is accordingly said to be optically 
inactive by external compensation. 

The fourth form of tartaric acid, namely, meso-tartaric acid, has the 
following structural formula IV. 

HOOC H OH 



HOOC H OH 

IV 


In this form, although the molecule possesses two asymmetric carbon 
atoms, their effects cancel each other; the molecule is said to be optically 
inactive by internal compensation. The molecule in fact possesses a plane 
of symmetry, as may easily be shown by constructing a space model and 
rotating one of the asymmetric carbon atoms about the C—C bond. Meso- 
tartaric acid must, therefore, be optically inactive. It should be particularly 
noted that in this acid the loss of optical activity results from the internal 
arrangement in each molecule of two identical asymmetric carbon atoms, 
as a result of which the molecule possesses a plane of symmetry. Such 
a molecule clearly cannot be resolved into d — and /— active forms. 
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The four forms of tartaric acid all have identically the same chemical 
properties. The d and / forms also have the same physical properties 
with the single exception of their optical activity. A solution of /— 
tartaric acid rotates the plane of polarization of plane-polarized light to 
the left by the same amount that a solution of d— tartaric acid of the same 
concentration rotates the plane of polarization to the right. Both the 
racemic acid and meso-tartaric acid are inactive, and each shows slightly 
diffeient properties (e.g. melting point, solubility, etc.) from the two active 
forms. The racemic acid, however, is optically inactive by external com¬ 
pensation, and so may be resolved into d— and /— forms; but the meso- 
acid, which is inactive by internal compensation may not be resolved. 

Resolution of Racemic Acid and Racemic Mixtures. The term racemate 
is now applied in a general sense to all cases of compounds which are 
optically inactive by external compensation. We must distinguish, how¬ 
ever, between the following three possible forms of an externally com¬ 
pensated, optically inactive, compound— 

(a) A mixture of the d— and /— forms, referred to as a dl— mixture. 

(b) A compound ot the d — and /— forms, referred to as a racemate or 
racemic compound. 

(<•) A solid solution (i.e. mixed crystals) of the d— and /— forms, 
referred to as a pseudo-racemate. 


Pasteur’s Three Methods for Resolving Racemic Mixtures 

1. Crystal Form Method. Below 26°C, sodium ammonium racemate 
crystallizes as a racemic mixture (i.e. dl —mixture), and the two enantio- 
morphous forms may then be separated by examining each crystal separ¬ 
ately under the microscope. This method is not very important since very 
few compounds crystallize as dl — mixtures, and the process is moreover 
somewhat tedious and dependent upon the formation of well-defined 
crystals. 

2. Chemical Method. The principle of this method is to fractionally 
crystallize the salt formed by neutralizing the externally compensated 
acid (or base) with an optically active compound. 


dl —acid 


/—base 



salt of d —acid//—base 
salt of /—acid//—base 


dl —base + /—acid 



I salt of d —base//—acid 
\ salt of /—base//—acid 


Since these salts are not enantiomorphous, they will have slightly different 
physical properties, and may be separated, for example, by fractional 
crystallization. Thus racemic acid may be resolved by neutralizing it with 
/—cinchonidine. /—Cinchonidine d —tartrate separates first from the 
aqueous solution. The optically active acids are then recovered from the 
two salts (after purification by recrystallization) by treatment with acids. 
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3. Fermentation Method. This method, which produces only one of the 
two active forms, is based on the different physiological activity of the two 
forms (for example, the dextro-forms of histidine, asparagine, etc., have a 
sweet taste, whilst the corresponding laevo-forms are practically tasteless; 
the laevo-forms of adrenaline, nicotine, etc., are more poisonous than the 
dextro-forms, and so on). The method depends on the fact that if certain 
living organisms, such as bacteria, yeast or moulds (e.g. pencillium glaucum) 
are allowed to grow in a solution of a dl —mixture, they feed preferential^ 
on one of the two active forms (usually the form which occurs in nature), 
so that the other may ultimately be recovered. 

In conclusion, it should be noted that ordinary synthetic methods 
produce inactive compounds or mixtures (racemates, meso-compounds, 
etc.), whilst living processes usually produce one or other of the active 
forms. Thus grapes produce d —tartaric acid and d —potassium hydrogen 
tartrate. 


Geometrical or Fixed-space Isomerism 


When two carbon atoms are united by a double-bond, the molecule loses 
its ability to rotate about the carbon-carbon axis, a freedom to rotate which 
is found, for example, in compounds containing a single carbon-carbon 
bond. That the latter compounds must possess a relative freedom of 
rotation about the carbon-carbon bond is evident from the absence of two 
different compounds having the structures— 


H 

H—C—X 
H—C—X 

H 


H 

H—C—X 

I 

X—C—H 

H 


Only one compound, C 2 H 4 CI 2 , for example, is known. It should be added, 
however, that compounds are known in which this freedom of rotation 
about a carbon-carbon single-bond is restricted by the size of the sub¬ 
stituent groups. This effect is known as steric hindrance and may lead to 
the existence of optically active compounds which do not possess asym¬ 
metric carbon atoms, provided the compound does not possess either a 
plane or centre of symmetry. Examples include— 
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Note. The space-formulae of these compounds do not possess either a 

centre or plane of symmetry and the compounds therefore are optically 
active. J 

When the two carbon atoms are united by a double-bond, the molecule, 

so to speak, becomes rigid. It loses its freedom of rotation about the 

carbon-carbon bond, so that two geometrical isomers should exist having 
the formulae— 



J and | 

C C 


H-^X x/^H 


Fumaric and Maleic Acids are examples of this type of geometrical 
isomerism— 


UOOC^yH 

HOOC^yH 

C 

C 

II 

c 

C 

HOOC^^H 

h/^COOH 

I 

II 


These two acids are not optically active (since they each possess a plane or 
centre of symmetry), and they have quite different chemical and physical 
properties. Thus, one of the two acids easily forms an anhydride. This is 
maleic acid and presumably has structure I since in this form the closer 
proximity of the —COOH groups would appear to facilitate the removal 
of a molecule of water— 


H 



H 


C 

« 

C 


COO 


H 



COiOH 


HoO 



maleic anhydride 

Formula II would then be that of fumaric acid. 

This geometrical or fixed-space isomerism is often referred to as cis- 
trans isomerism. The cis form is taken as the form in which similar groups 
are on the same side of the double bond, and the trans form as the one in 
which the similar groups are on opposite sides of the double bond. When 
the compounds do not lend themselves to this cis- and trans - nomenclature, 
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the distinguishing prefixes a and /? are used to differentiate between the 
geometrical isomers. Examples include not only compounds containing 
a carbon-carbon double bond, but also compounds containing carbon- 

nitrogen double bonds, nitrogen-nitrogen double bonds, etc. 

Benzil monoxime 


c 6 h 5 . CO . c. C 6 H 5 

II 

c 0 h 5 co . c. c„h 5 

II 

N 

N 

x OH 

HC)/ 

(oc-form. m.p. 140°C) 

(/Mbrm, m.p. 113°C) 

Azoxy-benzene 

c 6 H 5 o 

c 6 h 5 o 



N 

N 

ll 

II 

N 

N 

Xn c 6 h 5 

c 6 h/ 

(m.p. 36°C) 

(m.p. 84°C) 


In conclusion, it may be stated that compounds containing more than 
one double bond may be optically active although they do not contain an 
asymmetric carbon atom. The necessary conditions for optical activity in 
each case are the absence of ( a) a plane of symmetry, ( b ) a centre of sym¬ 
metry and (c) an alternating axis of symmetry. These three conditions 
apply to all cases of optical activity. 



allene derivatives—optically active ethylene derivatives—geometrical 

isomerism only 

Examples of optically active allene derivatives include— 



Note. Neither of these compounds contains an asymmetric carbon atom. 



CHAPTER 35 


AROMATIC HYDROCARBONS 

The division of organic chemistry into aliphatic and aromatic had its 
origin in the characteristic, usually agreable, smell possessed by certain 
organic compounds. These latter were termed aromatic to distinguish 
them from the other large class of compound, known as aliphatic, which 
had somewhat different chemical properties and were related to, or 
derived from, natural fats. It is now realized that many aromatic com¬ 
pounds are related to benzene, a hydrocarbon with the molecular formula, 
The term aromatic has in fact nowadays become synonymous with 
benzene, its homologues and their derivatives. 

Benzene. The structural formula of benzene, the parent of aromatic 
organic chemistry, was for a long time an enigma to chemists. Its proper¬ 
ties preclude such open-chain formulae as— 

HC=C—CH 2 —CH 2 —C=CH, CH 3 —C=C—C = C—CH 3 

or 

CH 2 =C= CH—CH=C= CH 2 
and ring structures such as 

/ CH \ 

CH CH 

II I 

CH CH 

^CH^ 

also have certain serious defects. Thus benzene lacks the ease of forma¬ 
tion of addition compounds, a property, so characteristic of straight-chain 
unsaturated compounds, such as ethylene and propylene. These different 
formulae for benzene are discussed later in the present chapter however, 
so that for the moment all that need be stated is that the structural 
formula of benzene is based on a regular six-membered ring of carbon 
atoms, thus— 



C C 


c c 
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and that in its reactions it appears to behave as if it had the regular 
hexagonal structure 

/ CH \ 

HC CH 

II I 

HC CH 

Nth^ 

in which the usual unsaturated properties associated with the double 
bond appear to be more or less masked. This structural formula is usually 

/V 

represented either by ||^ \ or, more simply, by (] in which the hexagon 

is conveniently drawn slightly elongated. 

Preparation. Benzene and certain other aromatic hydrocarbons 
(toluene, naphthalene, etc.) are obtained industrially from coal-tar, 
produced as described in Chapter 22 by the destructive distillation of coal! 
The crude tar is first treated to remove most of the water, and then separated 
by distillation into the following fractions. 


B.P. Range (°C) 

Name 

Principal Ingredients 

Up to 170 

Light oil or Naphtha 

Benzene, toluene, xylene 

170-230 

Middle oil (or Carbolic oil) 

Phenol, naphthalene 

230-270 

Heavy oil (or Creosote) 

Cresols, etc. 

270-360 

Anthracene oil 

Anthracene 


Note: Residue in retort—Pitch 


The light oil fraction is redistilled and the fraction boiling between 70°C 
and 150°C separated. This is then refined by agitating with cold concen¬ 
trated sulphuric acid to remove basic substances, such as pyridine, ammonia 
and traces of aniline. The upper benzole layer is separated from the heavier 
sulphuric acid layer, washed with water and then treated with sodium 
hydroxide solution to remove carbolic acid (phenol). After further 
washing and drying, the refined benzole is then redistilled. A typical 
refined motor-benzole may contain about 70 per cent benzene, 18 per cent 
toluene and 6 per cent xylenes. These latter compounds may be separated 
by fractional distillation, based on their different boiling points benzene 
80 C, toluene 110°C and the three isomeric xylenes 138°-142°C The 
fraction boiling between 150° and 170°C is sold as an industrial solvent 
under the name “solvent naphtha.” It is used as an illuminant, rubber 
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solvent and paint thinner, and should not be confused with white-spirit, 
which is a petroleum distillate. 

The benzene obtained in this way from coal-tar contains a small 
quantity of thiophene, C 4 H 4 S, a compound which resembles benzene so 
closely that it cannot be separated by distillation methods. Thiophene, 
however, is more readily sulphonated than is benzene, and may therefore 
be removed from the latter by repeatedly shaking with small quantities of 
concentrated (not fuming) sulphuric acid in the cold. Very pure benzene 
may then be obtained by cooling in an ice-bath until about 90 per cent of 
the benzene has crystallized out, and then separating these crystals of 
pure benzene from the mother liquor. 

Benzene may be prepared chemically by such reactions as— 

1. Heat benzoic acid (or calcium benzoate) with lime and collect the 
benzene distillate— 

C 6 H 5 . COOH 4- CaO ^ C 6 H 6 + CaC0 3 

This reaction recalls the method for producing methane by heating sodium 
acetate with soda-lime. 

2. Since any benzene hydrocarbon (e.g. toluene) is converted into benzoic 
acid on oxidation, and the latter on distillation with lime produces 
benzene, it follows that benzene may easily be obtained from any of its 
homologues— 

C 6 H 5 . CH 3 -2-> C 6 H 5 . COOH -^2^ C 0 H 6 

toluene 

3. Small quantities of benzene may also be obtained by passing acetylene 
through a tube heated to a dull red heat— 

3C 2 H 2 (polymerization) -> C 6 H 6 

Properties. Benzene is a colourless mobile liquid with a characteristic 
odour. It boils at 80*5°C and when pure freezes at 5*4°C. It is less dense 
than water (0-87, cf. 1) with which it is immiscible, but mixes readily with 
most organic solvents (alcohol, ether, etc.) and is a good solvent for most 
organic compounds (fats, waxes, resins, rubber, etc.) sulphur and iodine. 
Like acetylene, benzene burns with a luminous smoky flame, due to the 
relatively high percentage of carbon, and is used as a liquid fuel, for example 
in motor benzole. It is also used in dry cleaning and as the parent com¬ 
pound in the synthesis of other aromatic compounds among which may be 

mentioned dye-stuffs, drugs and antiseptics. 

In spite of its apparently highly unsaturated nature, benzene is charac¬ 
terized by a remarkable chemical degree of stability. The six-membered 
ring of carbon atoms present in benzene and its homologues remains intact 
throughout many of the numerous reactions which these compounds 
undergo. Benzene, for example is unaffected by ordinary oxidizing or 
reducing agents, by dilute acids or boiling aqueous alkalis, and does not 
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decolorize bromine water. It is only very slowly oxidized by hot acidified 
permanganate to form oxalic and formic acids, and is only reduced with 
difficulty to cyclohexane by passing benzene vapour and hydrogen 
repeatedly over a finely divided nickel catalyst at about 200 C— 

C 6 H G -}- 3H 2 -> C 6 H 12 

cyclohexane 

Under certain conditions, benzene will also form addition compounds 
with chlorine and bromine. Reaction occurs in the vapour phase in the 
presence of bright sunlight to form hexachloro- and hexabromo-benzene. 

C 6 H 6 + 3C1 2 -> C 6 H 6 C1 6 


Addition also occurs with ozone to form the tri-ozonide, C 6 H 6 0 9 . The 
fact that in all these addition reactions the maximum number of univalent 
groups (or atoms) added is six and no more should be noted, since, as 
discussed later, it affords evidence for the Kekule formula of benzene with 
its alternate single and double bonds. 

The stability of the benzene ring is even more strikingly revealed by the 
following substitution reactions which are characteristic of benzene and 
its homologues— 

Nitration C 6 H 6 -f HN0 3 C 6 H 5 . N0 2 

nitro- benzene 


When benzene is heated with a mixture of concentrated nitric acid and 
concentrated sulphuric acid, one of the hydrogen atoms of the benzene 
is substituted by the univalent nitro-group (—N0 2 ) to form nitro-benzene, 
which is a pale yellow oil. The function of the concentrated sulphuric acid 
appears to be to remove the water which forms during the substitution— 


CV.H 



-no 2 - c 6 h 5 . no 2 -f h 2 o 


but see also below. 

Further substitution may occur under more powerful conditions to form 
dinitro-benzene, C 6 H 4 (N0 2 ) 2 , in which two hydrogen atoms of the benzene 
molecule are replaced by nitro groups. Note, that paraffins, except 
tertiary paraffins, such as (CH 3 ) 3 CH, do not react with concentrated 
nitric acid. 


Sulphonation 

C 6 H 5 



. S0 2 . OH CH, . SO.pOH 



When benzene is heated with concentrated sulphuric acid, substitution 
occurs to form benzene sulphonic acid, C 6 H 5 . S0 2 0H. Further substitu¬ 
tion to form benzene di-sulphonic acid occurs with fuming sulphuric 
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acid. Benzene sulphonic acid is a colourless deliquescent solid, readily 
soluble in water (note this action of concentrated sulphuric acid in con¬ 
verting an insoluble hydrocarbon into a water soluble sulphonic acid), and 
is £ strong monobasic acid. 

Halogenation 


C c H, 



-Br -> C 6 H 5 Br -f HBr 


Substitution of one of the benzene hydrogen atoms for chlorine or 
bromine occurs at relatively low temperatures in the presence of a suitable 
catalyst, such as iron filings, aluminium or iodine. Thus reaction between 
bromine and benzene occurs at ordinary temperatures in the presence of 
iron, pyridine, etc. (but in the absence of direct sunlight) to form bromo- 
benzene, C 6 H 5 Br, and a small quantity of para-dibromobenzene. In the 
presence of direct sunlight, addition reactions occur, particularly in the 
hot, to form benzene hexabromide, C 6 H 6 Br 6 . Chlorobenzene and bromo- 
benzene are heavy insoluble oils, and unlike the alkyl halides are not very 
reactive. Thus, they are mostly unaffected by alkalis, alcoholic ammonia, 
potassium cyanide, etc. They do, however, take part in the Fitting reaction 
(see below), and also form Grignard reagents with magnesium. 

Friedel and Craft's Reaction. When benzene is treated with an alkyl or 
acyl chloride, in the presence of finely-powdered anhydrous aluminium 
chloride as catalyst, the following substitution reactions occur— 


c 6 h 5 . 



. CH, -> C 6 H 5 . CH 


alkyl chloride 


toluene 


c 6 h 5 . 



. CO . CH, -> CfiHc . CO . CH 


acetyl chloride 


e lx 5 

aceto-phenone or phenyl 
methyl ketone 


This reaction, which is a useful one for preparing homologues of benzene, 
does not occur with aliphatic hydrocarbons and is thus characteristic of 
aromatic compounds. 


Differences between Aliphatic and Aromatic Hydrocarbons 

Aromatic hydrocarbons readily undergo substitution reactions with con¬ 
centrated nitric and sulphuric acids at quite moderate temperatures. 
Aliphatic hydrocarbons in general do not react with these acids. 

Aromatic hydrocarbons undergo the Friedel and Craft reaction; 
aliphatic hydrocarbons do not. 

Aliphatic halides are very reactive; the aromatic halides in which the 
halogen is directly linked to the benzene ring, as in bromobenzene, are 
comparatively inert. 

Whereas benzene is almost inert to oxidizing agents, its homologues. 






AROMATIC HYDROCARBONS 


981 


such as C 6 H 5 .CH 3 , C 6 H 5 .CH 2 .CH 3 , etc. are easily oxidized to benzoic 
acid, or similar compounds. 

c 6 H 5 . CH 3 -> C 6 H 5 . COOH 

benzoic acid 


c 6 h 5 


c 6 h 5 


c 6 h 5V 

ch 2 -> Vo 

QH/ 

di-phenyl ketone 


Aliphatic hydrocarbons, on the other hand, resist oxidizing agents. 

Compounds containing the phenyl group (C G H 5 —) are appreciably 
more acidic than the corresponding purely aliphatic compounds. The 
phenyl group, in fact, tends to impart an acidic character to the molecule, 
whilst the methyl group tends to impart a basic character. Thus— 

(Phenol, C 6 H 5 OH, acidic, and not esterified by acetic acid; 

'Methyl alcohol, CH 3 OH, neutral, but forms methyl acetate. 

CH 3 NH 2 , more basic than NH :i which is more basic than C 6 H-NH 2 . 

C c H 5 .COOH, strong acid; CH 3 .COOH, very weak acid. 

Aromatic primary amines, e.g. aniline (C 6 H 5 . NH>), form the very 
important diazo-compounds with nitrous acid. Aliphatic primary amines 
do not give diazo-compounds. Both, however, ultimately liberate nitrogen 
to form the hydroxy-compound, although with the aromatic primary 
amines, this further reaction only occurs on warming. 

Reduction of nitro-compounds leads in both aromatic and aliphatic 
compounds to the formation of amines, but in the case of aromatic 
nitro-compounds, a number of intermediate reduction products may be 
isolated— 

C 6 H 5 NHOH -> C fi H R . NH 2 


c g h 5 no 2 -> C 6 H 5 NO 


ch.no, 


“t 


c 6 h 5 no. 


6 1 *5 
nitrosobenzenc 

c 6 h 5 no 


QH 5 n 

azoxybcnzcnc 


‘o* ' * * ^ Cq 11 3 

phenyl-hydroxylamine aniline 


Qh.n 


Qh 5 n 

azobenzene 


QH 5 NH 

I 

qh 5 nh 

hydrazobenzenc 


Structure of Benzene 

It has already been stated in the introduction to the present chapter that 
the structural formula of benzene was for a long time a thorn in the sides 
of organic chemists. Its molecular formula was soon shown by the usual 
methods to be C 6 H 6 , and at first various linear formulae, such as 

HC = C—CH 2—CH 2 —C=CH, CH 3 —C=C—C=C—CH 3 

and 

CH 2 =C= CH—CH = C = CH 2 
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were suggested, but these were soon ruled out in the face of the following 
facts— b 

(a) All the six hydrogen atoms of benzene are equivalent. In other 

words, there are no isomers but only one compound with the formula 

CeH 5 X. This fact rules out the first and third of the above formulae but 
not the second. ’ 

(b) Although benzene does not normally undergo addition reactions, 
this fact is of less importance than the observation that when it does so 
react the maximum of univalent groups which it adds on is not eight, as 
would be required by the above formulae, but six. 

In 1867, Kekule put forward his celebrated ring formula in which the 
six carbon atoms are alternately linked by single and by double bonds. 

H 

I 

/ c \ 

H—C C—H 

I II 

H—C C—H 

I 

H 

This formula satisfactorily explained the equivalence of the six hydrogen 
atoms, but suffered from the following disadvantages— 

(a) Its resemblance to olefine compounds does not explain the fact that 
benzene only forms addition compounds under certain special conditions. 

( b ) Such a structural formula would permit of four isomers with the 
formula C 6 H 4 X 2 , whereas only three such isomers are in fact known. 
These four isomers would be represented by the following formulae— 

X X X X 

I I I I 

/ c \ x c \ / c \ / c \ 

X—C C—H H—C C—X H—C C—H H—C C—H 

I II I II I II I II 

H—C C—H H—C C—H H—C C—X H—C C—H 

v/ \ c / \ c / \ c / 

I I I I 

H H H X 

To meet this latter objection, Kekule in 1872 put forward his “dynamic'’ 
formula in which the double bonds are regarded as oscillating between the 
two extreme forms— 
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H H 


/ c \ 


H—C C—H H- 

-C C—H 

1 II - 

II 1 

H— C C—H H- 

-C C—H 

\ c / 

\y^ 


H 


H 





or conventionally, | || ^ II I, or simply 

\/ \/ 

With this dynamic formula, the first two of the above di-substitution 
formulae become identical, and the total number of different di-substitution 
compounds is reduced to three, in agreement with fact. 

In studying the above formulae, it should be noted that although the 
six hydrogen atoms in benzene are equivalent, they are no longer all 
equivalent once one of the hydrogens has been replaced by a substituent 
group or atom (such as —Cl, —Br, —N0 2 , —S0 2 0H, etc.). In fact, three 

different isomeric disubstitution compounds become possible, as described 
above— 


Cl Cl Cl Cl Cl 



para- 

dichlorobenzcne 

Formulae 1 and 2 are of course identical on Kekule’s dynamic formula, 

as also are formulae 3 and 4. It is conventional to call compounds in 

which the second substituent enters on either carbon adjacent to that 

containing the first substituent as ortho , on the middle carbon atoms as 

meta> and on the farthest carbon atom as para. These prefixes are often 
abbreviated to o , m and p. 


X 

1 

o 

m 

sy 

X' 

p/\o 


p \s° 

”\J- X 

P 

m 

o 


32—(T.447) 
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Numerous modifications of the Kekule ring formula for benzene were 
proposed at various times in an effort to account for its reluctance to form 
addition compounds. Limitations of space, however, permit only of the 
following brief description of these formulae— 


(a) Ladenburg's Prism Formula. Each 
carbon atom is considered to be linked by 
single bonds to three other carbon atoms. 
The obvious drawback of this formula is that 
it would be very difficult to account for any 
of the addition compounds of benzene. 



(b) Claus's Formula. This formula would explain the 
reluctance of benzene to form addition compounds, since less 
energy would presumably be required to break the much 
longer, and therefore weaker, central linkages. Such a for¬ 
mula, however, suggests that benzene might easily form 
cyclo-butane derivatives. 



(c) Dewar's Formula. This formula suffers from the 
same difficulty as the previous formula, in that it again 
suggests that benzene should readily form cyclo-butane 
derivatives. 



(i d) Armstrong-Baeyer Centric Formula. In this formula, 
the fourth carbon valency bond is considered to be directed 
towards the centre of the ring. Such a formula is very 
indefinite, and the latent fourth valency which it implies 
appears merely to beg the question. 



(e) Thiele's “ Partial-valency"Formula. Thiele was led to this formula 
from a study of the addition reactions of compounds containing conjugated 
double bonds, that is, alternate single and double bonds, as in 
CH 2 =CH—CH=CH 2 . With HBr this latter compound forms an addition 
compound, CH 2 Br—CH=CH—CH 3 , the addition occurring on the end 
carbon atoms. This led Thiele to suggest that the formation of a double 
bond only partially neutralizes the valency bonds, and that addition occurs 
as a result of the partial free valencies— 

H H 



In the latter compound, butadiene, the partial free valencies on the two 
middle carbon atoms mutually saturate each other, and only the two end 
carbon atoms retain their partial free valencies. Such a theory would 
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explain the tendency of butadiene in addition reactions to add on only at 
the two end carbon atoms. 

Applied to benzene, Thiele’s theory suggests the formula— 

Since there is no marked unsaturation, such a formula 
as this would explain the reluctance, but would not 
preclude, the formation of addition comopunds with 
benzene. It should be noted, however, that this formula 
suffers from the same difficulty as the Kekule static 
formula as regards the possible number of di- and tri- 1 
substitution derivatives. 

Present-day Views. The dynamic formula of Kekule is considered to be 
remarkably close to the truth. Instead, however, of postulating a tauto¬ 
meric change between two extreme formulae, namely— 



it is suggested, on the resonance theory , that benzene has some intermediate 
structure, which cannot simply be depicted by any one structural formula. 
We speak of benzene as a resonance hybrid of the two Kekule formulae. 
The effects of this resonance are— 

(a) To give the benzene ring a regular planar hexagonal structure, as 
required by X-ray crystal structure analysis. Neither of the Kekule 
formulae would be truly hexagonal, since a double-bond is somewhat 
shorter than a single bond (1-34, cf. 1-54 A units). 

(b) To reduce the energy content to a value below that possessed by a 
hypothetical compound having either of the Kekule formulae. Reduction 
in energy leads to increased stability and this increased stability, which is 
conferred on benzene by resonance, is sufficient to account for its reluct¬ 
ance to form addition compounds. When benzene undergoes addition 
reactions, the energy of the reaction must be sufficient to overcome this 
resonance energy and bias the molecule to one or other of the Kekule 
formulae. The normal addition reactions associated with the presence of 
one or more double bonds may then occur. 

To recapitulate, in the normal state benzene is a resonance hybrid of 
the two Kekule structures, that is, something with a lower energy content 
than either of these two structures and not just a physical mixture. Before 
it can react, sufficient energy has to be supplied (by heating) to overcome 
the resonance energy and convert it into one or other of the Kekule 
structures. In this form benzene can then undergo the usual addition and 
substitution reactions. When one substituent is already present in the 
molecule, the resonance state of the molecule is modified in the direction of 
one or other of the two Kekule formulae, and further substitution occurs 
either in the ortho and para positions or in the meta positions depending on 
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the nature of the substituent. A fuller discussion of the effect of a substituent 
in determining at which carbon a second substituent will enter is given 
in the following section. 

Orientation in the Benzene Nucleus. The problem of determining the 
relative position of substituents in the benzene nucleus is known as 
orientation. Korner’s general method for determining the relative position 
of the substituents in di-substituted benzene is based on the fact that each 
of the three possible di-substitution compounds produces a different 
number of tri-substitution compounds. Thus, three di-bromobenzenes, 
melting at 7-8°, — 6-5" and 89 c C respectively, are known. The problem is 
to determine which of these is the ortho-, which the meta- and which the 
3ara-compound. The procedure is to convert each of these dibromo- 
)enzenes into tribromobenzene, and then determine the number of different 
tribromobenzenes produced in each case. 

Dealing first with the ortho-dibromobenzene, reference to the following 
formulae shows that only two different tribromobenzenes can be pro¬ 
duced. The third formula is identical with the second, and the fourth with 
the first. 


Br Br Br Br 



Br 


Similarly, the meta-dibromobenzene can form only three different 
tribromobenzenes, as shown below, the fourth formula being identical 
with the second. 


Br Br Br Br 



Finally, the para-dibromobenzene can produce only one tri-bromo- 
benzene, the four formulae (p. 987) being identical. 

Thus, the dibromobenzene which produces two tribromo-derivatives 
must be ortho-dibromobenzene; the one which produces three tribromo- 
derivatives must be the meta-dibromobenzene; and the one which only 
forms one tribromo-derivative must be the para-dibromobenzene. 
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Substitution in the Benzene Nucleus. It has already been stated that 
substitution in the benzene ring of mono-substituted benzenes is deter¬ 
mined by the nature of the substituent already present. Thus toluene, in 
which the substituent is the CH 3 — group, produces a mixture of ortho and 
para di-substitution compounds when nitrated, chlorinated, brominated, 
or sulphonated. Nitrobenzene, on the other hand, tends to form meta- 
di-substituted derivatives and very little of either the ortho- or meta¬ 
compounds. The substituents present in the mono-substituted benzenes 
thus fall into two classes, depending on whether they are ortho and para 
directing, or meta directing. 

The chief ortho and para directing groups include —OH, —OCH 3 , 
—NH 2 , —Cl, —Br, —I, —CH 3 ; e.g.— 

CH 3 ch 3 ch 3 



lolucnc o-nitrotoluene 


no 2 

p-nitrotoluene 

The chief meta directing groups include —N0 2 , —COOH, —S0 2 0H, 
CN, —CHO, —COCH 3 . 

no 2 no 2 



nitrobenzene m-dinitro-benzene 


As regards the relative ease of reaction, it should be noted that the ortho- 
para reactions occur very much more easily than the meta reactions. Thus 
ortho-para substitution, as exemplified for example by the very ready 
reaction at ordinary temperatures of aniline or phenol with bromine water, 
usually takes place under quite mild conditions; meta-substitution, on 
the other hand, occurs much more slowly and requires much stronger 
conditions. 

In the following section are described some of the rules which have been 
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put forward at various times for determining whether a given atom or 
group is either ortho-para or meta directing. These rules are for the most 
part only empirical, however, and sometimes give the wrong answer. 

Crum Brown's Rule. For a substituent X, if the hydride HX can easily 
be oxidized to HXO, then X is meta directing. If not, then X is ortho-para 
directing. Thus, considering nitrobenzene, X is — N0 2 , and since HN0 2 
can easily be oxidized to HNO a , it follows that the nitro group is meta¬ 
directing. Similarly, for chlorobenzene, since HC1 cannot easily be oxi¬ 
dized to HCIO, the substituent —Cl should be ortho-para directing. 

Vorlander's Rule. If the substituent X contains a double or triple bond, 
then X will be meta directing. If not, then X is ortho-para directing. 
Reference to the above classification of ortho-para and meta directing 
substituents shows the latter obey this rule. 

Hammick and Illingworth's Rule. If a monosubstituted benzene deriva¬ 
tive has the formula 


XY 



where X is the atom joined to the benzene ring and Y an atom or group of 
atoms attached to X, then— 

XY is meta directing if— 

(a) Y is in a higher group in the Periodic Classification than X; 

(b) Y is in the same group as X, but is of lower atomic weight. 

XY is ortho-para directing if— 

(a) Y is in a lower group than X; 

(b) X and Y are atoms of the same element; 

(c) the group XY consists of one atom only. 

In applying the latter rule, hydrogen is considered as being in Group I. 
If, however, Y consists of hydrogen and another element (as in —CHO), 
the hydrogen may be ignored and the rule applied to the second element. 

HOMOLOGUES OF BENZENE 
Toluene, C 6 H 5 . CH 3 


CH 3 



Toluene is obtained commercially from coal-tar in large quantities, but 
on a smaller scale it may be obtained by the following methods. 
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1. Fittig's Reaction. This reaction is an extension of the Wurtz synthesis 
of aliphatic hydrocarbons. A mixture of bromobenzene and an alkyl 
halide is treated in ethereal solution with finely powdered sodium. Reac¬ 
tion occurs in the cold. The ether is then distilled off and the toluene 
separated by further distillation. 


OH 


6“5 



CH 3 -> C 6 H 5 . CH : 


2NaBr 


(Finely divided sodium may be prepared by melting sodium under dry 
benzene followed by well shaking the mixture, but the operation should 
only be performed by an experienced chemist). 

2. Friedel and Craft's Reaction. This reaction in which one of the nu¬ 
clear hydrogen atoms of benzene is substituted by an alkyl group, is carried 
out by treating a mixture of benzene and the alkyl halide with freshly 
prepared, finely powdered, anhydrous aluminium chloride. 


OH 


6“5 



CH 


AlClj 


C 6 H 5 . CH, + HC1 


By this method each of the benzene hydrogen atoms may in turn be 
replaced by alkyl groups. In practice, to obtain a good yield, excess of 
aluminium chloride has to be used, usually about one gramme-molecule 
for each gramme-molecule of the reacting alkyl halide. 

3. By distilling toluic acid with lime— 

CH 3 . C 6 H 4 . COOH + CaO -> CH 3 . C 6 H 5 + CaC0 3 

4. From aromatic organo-magnesium compounds (Grignard Reagents) 
by heating with alkyl halides, or more conveniently by the action of di¬ 
methyl sulphate— 

C 6 H 5 . MgBr + CH 3 Br -> C 6 H 5 . CH 3 + MgBr 2 

5. By heating the corresponding sulphonic acid with steam, in the 
presence of either sulphuric or hydrochloric acids— 

ch 3 . c 6 h 4 . so 2 oh + h 2 o c 6 h 5 . ch 3 + h 2 so 4 

Properties. Toluene resembles benzene in physical properties, and also 
in its chemical properties, but with certain differences due to the fact that 
toluene contains both an aromatic and an aliphatic portion. Thus it 
undergoes the same general reactions, such as nitration, sulphonation, 
Friedel and Craft’s reaction, etc., as benzene, but since the methyl group is 
ortho-para directing these reactions will in general occur very much more 
easily with toluene. 

Nitration. Toluene is easily nitrated by concentrated nitric acid to 
give a mixture of ortho- and para-nitrotoluene. Further nitration gives 
the same 2.4 dinitro-toluene, and ultimately trinitro-toluene. 
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ch 3 



no 2 


Note. In the further nitration of the mono-nitro to the di- and tri-nitro 
toluene, the ortho-para directing methyl group takes precedence over the 
meta directing nitro-group. This may be stated in general terms: if the 
benzene compound contains both an ortho-para directing substituent and 
also a meta directing substituent, then the former controls the course of 
any further substitution reaction. 

Chlorination. The methyl group is not attacked by nitric acid, so that 
no complications due to this group results in the above nitration. Both 
the methyl group and the phenyl group (C 6 H 5 —) are, however, attacked 
by chlorine, and substitution may occur in either of these portions of the 
molecule depending on the conditions. 

(a) When chlorine is passed into toluene in the cold in the presence of 
a halogen carrier, such as iodine or iron filings, substitution occurs in the 
nucleus to give a mixture of ortho- and para-chlorotoluene 



Cl 


( b ) When chlorine is passed into boiling toluene (in the absence of a 
halogen carrier, and preferably in direct sunlight), substitution occurs in 
the methyl group— 



benzyl chloride benzal chloride benzo-trichloride 
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To determine whether the chlorine has entered the benzene ring or the 
side chain, all that is necessary is to oxidize a portion of the product, for 
example with acidified permanganate— 

COOH 

(^^ C1 but no HC1 
COOH 


+ HC1 

Thus, if hydrochloric acid is formed, the halogen must have been present 
in the side-chain and not in the benzene ring. 

Oxidation. Toluene and other homologues of benzene are easily 
oxidized, the side-chain being ultimately replaced by the carboxyl 
(—COOH) group— 

C c H 5 . CH 3 -2-> C 6 H 5 . CHOH -2-> C 6 H 5 . CHO -S-> C 6 H S . COOH 

Suitable oxidizing agents include potassium permanganate and concen¬ 
trated nitric acid, but occasionally potassium dichromate may be used. 
Sometimes the oxidation may be stopped at an intermediate stage, as in 
Etard’s reaction in which the oxidizing agent is chromyl chloride. 

C 6 H 5 . CH 3 + CrO .Cl, -> C 6 H 5 . CHO 

benzaldehyde 


ch 3 



6 ^ 


Higher Homologues of Benzene 



para-xylene 


These xylenes on oxidation give o-, m- and p-toluic acids 

/ /COOH\ 

( C * H <ch, ) 

and on further oxidation the phthalic acids, C 6 H 4 (COOH) 2 . 
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It is interesting to note that mesitylene (or, 1. 3. 5 trimethyl benzene) 
may be obtained from acetone by a condensation reaction when treated 
with sulphuric acid (see p. 921). Mesitylene and other homologues of 
benzene are usually obtained, however, from coal tar. 




CH 3 


cymene 


Table 121 


Simpler Aromatic Hydrocarbons 


Name 

Formula 

M.P. (°C) 

B.P. CO 

Benzene 

c 6 h 6 

4- 5-4 

4- 80-5 

Toluene 

C 6 H 5 . CH 3 

- 94 

4- 1100 

o-Xylene 

C 6 H 4 (CH 3 ) 2 

- 28 

+ 142-0 

p-Xylene 

C 6 H 4 (CH 3 ) 2 

- 52 

139-0 

m-Xylene 

C 6 H 4 (CH 3 ) 2 

+ 15 

+ 138-0 

Mesitylene . 

C 6 H 3 (CH 3 ) 3 


4- 164-0 

Cymene 

CH 3 . C 6 H 4 CH(CH 3 ) 2 


4- 175-0 





CHAPTER 36 


AROMATIC HYDROCARBON DERIVATIVES 

In the present chapter the more important derivatives of aromatic hydro¬ 
carbons are briefly reviewed. These include such classes of compounds 
as the nitro-compounds, amino-compounds, diazo-compounds, sulphonic 
acids, phenols, carboxylic acids, aromatic aldehydes and ketones. It 
should be noted that the homologues of benzene which have an aliphatic 
side-chain will show properties characteristic both of the aliphatic and 
aromatic portions of the molecule. In general, if the substituent is attached 
directly to the aliphatic side-chain its properties will resemble those 
of similar purely aliphatic compounds, but if the substituent is linked 
directly to the benzene portion of the molecule then somewhat different 
properties should be expected. Considering, for example, the halogen 
compounds, those which have the halogen substituted in the side-chain 
show the normal reactions of the alkyl halides, but those in which the 
halogen is substituted in the benzene ring are considerably less reactive. 
Thus, chlorobenzene is unaffected by water, dilute acids or alkalis, 
alcoholic potash, alcoholic ammonia, potassium cyanide, etc., whereas 
benzyl chloride, C 6 H 5 CH 2 C1, reacts in the same way as an alkyl chloride 
with these reagents. 


SULPHONIC ACIDS 


When aromatic hydrocarbons, or their derivatives, are treated with hot 
concentrated sulphuric acid, one of the hydrogen atoms of the benzene 
ring is replaced by the sulphonic acid group, —SO.,OH. Further substitu¬ 
tion requires more vigorous conditions, for example, by means of fuming 
sulphuric acid. 




iH+HO 


S0 2 . OH -> h 2 o + C 6 H 5 . so 2 oh 

benzene sulphonic acid 


Since the sulphonic acid group is meta-directing, further substitution will 
occur only slowly to give benzene-m-disulphonic acid. 

Properties. The sulphonic acids are often hygroscopic and are all 
freely soluble in water. This solubility in water is in fact one of the most 
important properties of the sulphonic acids, since it provides a convenient 
means of converting an insoluble aromatic compound into one which is 
water soluble. Benzene-sulphonic acid forms colourless crystals, very 
readily soluble in water and in alcohol, and may be prepared by heating 
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a mixture of equal volumes of benzene and concentrated sulphuric acid 
on a water-bath until all the benzene has disappeared. 

The chemical properties of the sulphonic acids are illustrated by the 
following reactions. 

1. When heated with concentrated hydrochloric acid (under pressure) at 
about 150°C, or by the action of superheated steam, the sulphonic acid 
group is replaced by hydrogen to form the hydrocarbon— 


c 6 h 5 



c 6 h 6 + h 2 so 4 


2. Fusion with alkalis converts the sulphonic acid (or their salts) into 
the corresponding hydroxy-compound— 

C 6 H 5 . S0 2 0K + KOH -* K 2 S0 3 -f C 6 H 5 OH * 

phenol 

3. When heated with potassium cyanide sulphonic acid salts are con¬ 
verted into the corresponding nitrile, and the latter may be converted into 
the corresponding carboxylic acid by hydrolysis or into the amino-com¬ 
pound by reduction— 

h,o^ C 6 H 6 COOH 

QH 5 . S0 2 0K KCN ^ C 6 H 6 . CN benzoic acid 

c 6 h 5 . ch 2 nh 2 

benzylamine 


4. With phosphorus pentachloride, sulphonic acids are converted into 
the important sulphonyl chlorides— 

c 6 h 5 . so 2 oh + PC1 5 -> HC1 + POCl 3 + c 6 h 5 . so 2 ci 

benzene sulphonyl 
chloride 

These react with ammonia or ammonium carbonate to form sulphona- 
mides, which usually crystallize easily and hence are useful in the identifica¬ 
tion of an unknown sulphonic acid. 

c 6 h 5 . so 2 ci (+ NH 3 ) -> c 6 h 5 . so 2 nh 2 

benzene sulphonamide 


Sulphonyl chlorides are reduced to sulphinic acids and mercaptans 

c 6 h 5 . so 2 ci c 6 h 5 . so . oh C 6 H 5 . SH 

benzene sulphinic acid phenyl mercaptan 


PHENOLS 

The phenols are the aromatic counterpart of the aliphatic alcohols, and 
contain one or more hydroxyl groups directly attached to a benzene 
ring. 
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OH OH 


OH 


OH 


OH 



phenol 






OH 

quinol 


OH 



CH 


CH 


CH 




Phenol is obtained commercially from the middle-oil distillation 
fraction of coal-tar. It may also be obtained chemically by fusing sodium 
benzene sulphonate with sodium hydroxide, or from aniline via the 
diazo-reaction {see p. 1014)— 


C 6 H 5 . S0 2 0Na + NaOH -> C 6 H 5 OH + Na 2 SO a 
C 6 H 5 . NH 2 (via diazo-reaction) -> C 6 H 5 . N 2 C1 bQi] > C 6 H 5 OH 


Properties. Phenol is a colourless crystalline solid (m.p. 43°C, b.p. 
182°C), and has a characteristic disinfectant-like smell. It is only moder¬ 
ately soluble in water at ordinary temperatures, but is completely miscible 
with water above 68°C, the critical solution temperature. On exposure to 
air it slowly evaporates, and on exposure to light develops a slight pink 
colour due to impurities. A solution of phenol in water has antiseptic 
properties, but it is not advisable to handle the solid since it may cause 
blistering. 


Chemical Reactions 

1. Phenol dissolves easily in aqueous sodium hydroxide to form sodium 
phenate, C 6 H 5 ONa. Phenol is in fact an acid, but only a very weak one. 
Thus sodium phenate is hydrolyzed by water and is completely decomposed 
by carbon dioxide to reform phenol. This latter reaction, which indicates 
that phenol is more weakly acidic than carbonic acid, is often used to 

separate phenol from a more strongly acidic compound such as benzoic 
acid. 

Treatment of the mixture of acids with sodium hydroxide gives sodium 
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phenate and sodium benzoate. The aqueous solution is then treated with 
carbon dioxide— 

QHgCOONa + C0 2 (no reaction) 

2C 6 H 5 ONa + C0 2 + H 2 0 -> Na 2 C0 3 + 2C 6 H 5 OH 

2. When phenol is heated in a closed tube with zinc dust, it is reduced 
to benzene— 

C 6 H 5 OH + Zn -* C 6 H 6 + ZnO 

3. When an aqueous solution of phenol is shaken with bromine-water, 
even at ordinary temperatures, reaction occurs to form a white precipitate 
of 2.4.6. tribromo-phenol— 

OH 


"T 3Br 2 

Br 

This latter reaction indicates both the ortho-para directing properties of 
the OH group, and also that ortho-para substitution reactions occur in 
general quite easily. This bromination reaction is sometimes used com¬ 
mercially in extracting bromine from its aqueous solutions. 

4. Ortho- and para-nitrophenol may be prepared by the action of dilute 
nitric acid on phenol at moderate temperatures. Steam-distillation serves 
to remove the ortho-nitrophenol. 

5. Schotten-Baumann Reaction. The benzoyl ester of phenol may be 
prepared by dissolving phenol in aqueous sodium hydroxide, adding a 
small excess of benzoyl chloride and shaking the mixture— 

C 6 H 5 . Cf c 6 h 5 . 

X C1 + HO -C 6 H 5 

phenyl benzoate 

A similar reaction occurs with aniline in the place of phenol to form 
benzoyl-aniline (or benz-anilide)—C 6 H 5 CONHC 6 H 5 . The reaction is 
based on the fact that benzoyl chloride is only very slowly hydrolyzed by 
water, so that the reaction can be carried out easily in aqueous solution. 
Acetyl chloride and acetic anhydride on the other hand are so readily 
hydrolyzed by water that acetylation (that is, the introduction of the 
CH . CO— group) by these reagents must necessarily be carried out in 
the absence of water. 
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6. Kolbe's Reaction. When phenol is converted by treatment with 
sodium hydroxide into sodium phenate, and the latter, after drying, is 
heated to about 200°C in a stream of carbon dioxide, the sodium salt of 
salicylic acid is formed— 

ONa 


C 6 H 5 —ONa + C0 2 



Methyl salicylate, present in Oil of Wintergreen, is 



that is, the methyl ester of salicylic acid. Aspirin is acetyl-salicylic acid 


ooc. ch 3 



7. Reimer-Tiemann Reaction. Phenolic aldehydes may be prepared by 
heating phenols with chloroform in alkaline solution. The main product 
is the ortho-compound, but small quantities of the para-compound are 
formed at the same time— 


ONa OH 



If carbon tetrachloride is used instead of chloroform, the product is mainly 
salicylic acid. 

8. Coupling Reactions (see p. 1017). The following coupling reaction 
occurs on adding phenol to a diazonium salt— 
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9. Phenol will also undergo a condensation reaction with phthalic anhy¬ 
dride in the presence of a suitable dehydrating agent— 



OH OH 





OH 



phenolphthalein 


Tests for Phenol. In addition to the above reactions, phenol may be 
detected by such reactions as— 

Liebermann's “ nitroso ” reaction. This test is based on the colour 
changes which occur in the formation of p-nitroso phenol. A few small 
crystals of phenol are treated in a test-tube with a little sodium nitrate 
and 2-3 ml concentrated sulphuric acid. The brown coloured mixture 
changes to a bluish-green or intense blue colour on warming. When the 
product is poured into water the colour changes to red, but on adding 
alkali a further colour change to blue occurs. This reaction is often used 
in the reverse sense of using a phenol to detect the presence of a nitroso- 
compound. 

Most phenols give a characteristic colour with aqueous ferric chloride. 
Phenol, resorcinol, o-, m- and p-cresols, for example, give violet or blue 
colorations. 

The Phenolic OH. In concluding this section, it is well to remember 
that the OH group in phenol does not resemble the alcoholic hydroxyl 
group. Thus phenol, in addition to being an acid, does not react with 
hydriodic acid, shows only slight reaction with phosphorus pentachloride, 
does not dehydrate with concentrated sulphuric acid and does not undergo 
the usual esterification reactions. 

Uses of Phenol. Considerable quantities of phenol are nowadays 
required for the manufacture of phenolic resins and plastics, among which 
may be mentioned the Bakelite resins and plastics. These are prepared by a 
condensation reaction between phenol and formaldehyde in the presence 
of a suitable catalyst (ammonia, acid, or alkali) under carefully controlled 
conditions. 

Smaller quantities of phenol are used in the manufacture of aspirin, 
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phenacetin and similar drugs, and in weak aqueous solution as a disin¬ 
fectant. 

AROMATIC ALDEHYDES 

The purely aromatic aldehydes resemble aliphatic aldehydes very closely 
both in their methods of preparation and in their properties. Certain of 
the latter are however different, but these will be discussed in some 
detail later in this section. 

Benzaldehyde, C 6 H 5 . CHO. Benzaldehyde occurs naturally in amyg- 
dalin, a glucoside present in bitter almonds. Hydrolysis of the amygdalin, 
either via the enzyme emulsin present in bitter almonds or via dilute 
acid, liberates the benzaldehyde— 

C 20 H 27 O 11 N + 2H 2 0 -> 2C 6 H 12 0 6 + HCN + C 6 H 5 . CHO 

Preparation. Commercially, benzaldehyde is prepared either by oxida¬ 
tion of toluene or by the hydrolysis of benzal chloride, C 6 H 5 CHC1 2 . The 
latter, prepared by chlorinating toluene, is heated with milk-of-lime in an 
autoclave under pressure— 



Benzaldehyde is also obtained commercially by heating benzyl chloride 
with aqueous copper nitrate or lead nitrate 



Other methods of general interest include— 

(a) The oxidation of benzyl alcohol, C 6 H 5 . CH 2 OH. 

( b ) Distilling a mixture of the calcium salts of benzoic and formic 
acids— 


(C 6 H 5 . COO) 2 Ca + (H . COO) 2 Ca -> 2C 6 H 5 . CHO + 2CaCO s 

(c) Etard's reaction , which involves oxidizing toluene with chromyl 
chloride in carbon disulphide solution. 


CH, 


CrO a Cl 2 


CHO 


(d) Gattennanns Reaction. Dry benzene is treated with anhydrous alu¬ 
minium chloride and, after passing in a little dry HC1, a steady stream of 
carbon monoxide is bubbled through the solution. 

/x /H 


+ HC1 + CO 


O 
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(e) The treatment of benzonitrile, C 6 H 5 . CN, with dry stannous 
chloride and dry hydrogen chloride in ethereal solution— 

C 6 H s . C=N C 6 H 5 . CH=NH - '‘° > C 6 H 5 . CHO + NH 3 

if) The reduction of benzoyl chloride with hydrogen in the presence of 
palladized barium sulphate as catalyst— 


c 6 H 5 . c 


✓ 


o 


o 


—-> C 6 H 5 . c/ + HC1 

Cl X H 


Properties. Benzaldehyde is a colourless liquid, b.p. 179°C, with a 
characteristic odour of almonds. It is readily soluble in alcohol and ether 
but is only sparingly soluble in water. 

Chemically, benzaldehyde shows most of the usual reactions of aliphatic 
aldehydes. These include ease of oxidation to benzoic acid, reduction with 
sodium amalgam to benzyl alcohol, addition reactions with sodium 
bisulphite and hydrogen cyanide, and condensation reactions with 
hydroxylamine and hydrazines (see p. 910). Benzaldehyde is very easily 
oxidized to benzoic acid and bottles of benzaldehyde on exposure to air 
and sunlight often contain crystals of this acid. This ease of oxidation is 
also revealed by the reducing action of benzaldehyde on ammoniacal 
silver nitrate (silver mirror test). It only slowly, however, restores the 
colour to Schiff’s reagent and does not reduce Fehling’s solution. 

The principal differences between aliphatic and aromatic aldehydes are 
shown in the following reactions of benzaldehyde— 

(i) With ammonia , instead of forming the expected aldehyde-ammonia, 
benzaldehyde undergoes a condensation reaction to form hydrobenzamide 


3C 6 H 5 . CHO + 2NH 3 


C 6 H 5 . CH 


\ 


N 


C c H s . CH 


C 6 H 5 . CH 


X 


N 


+ 3H 2 0 


The latter may be converted back to benzaldehyde by the action of 
mineral acids, or may be reduced to give a mixture of dibenzylamine, 
(C 6 H 5 . CH 2 ) 2 NH, and benzylamine, C 6 H 5 . CH 2 . NH 2 . 

(ii) With an alcoholic solution of potassium cyanide , on heating, the 
Benzoin Condensation reaction occurs— 


C 6 H 5 . CHO GtH«. C 




H 


OH 


C 6 H 5 .CHO g,h k .c=o 


6 A *5 

benzoin 


With oxidizing agents, the latter may be converted into the di-ketone 
benzil, C 6 H 5 . CO . CO . C 6 H 5 . 
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(iii) Cannizzaro's Reaction. When benzaldehyde is treated with aqueous 
alkali the following reaction occurs slowly on standing or more rapidly 
on warming— 

2C 6 H 5 . CHO + NaOH -> C 6 H 5 . COONa + C 6 H 5 . CH 2 OH 

This reaction is not however peculiar to aromatic aldehydes. Formalde¬ 
hyde and many other aliphatic aldehydes which do not resinify with 
sodium hydroxide show a similar reaction. 

2H . CHO -f NaOH -> H . COONa + CH 3 OH 

(iv) Claisen Reaction. In the presence of a little sodium hydroxide, 
benzaldehyde undergoes a condensation reaction with other aldehydes 
and ketones which contain the group —CH.>—CO— 

C 6 H 5 . CHO + CH 3 . CHO C 6 H 5 —CH = CH—CHO 

cinnamic aldehyde 

(v) Perkin's Reaction , for preparing aromatic acids containing an 
unsaturated side-chain, is a modification of this reaction. Thus in the 
Perkin synthesis of cinnamic acid, benzaldehyde is heated to about 180°C 
with a mixture of sodium acetate and acetic anhydride— 

C 6 H 5 . CHO + CH 3 . COOH -> C 6 H 5 —CH = CH—COOH 

cinnamic acid 

(vi) When heated with aniline (and other primary amines), benzaldehyde 
reacts to form benzylidene-aniline or SchifTs base— 

C 6 H 5 . CHO + H 2 N . C g H 5 -> C 6 H 5 —CH = N—C 6 H 5 

SchifT’s base 

(vii) When heated with dimethyl-aniline in the presence of zinc chloride, 
a triphenyl methane derivative is formed which is known as Malachite 
Green base. Malachite Green is a particular member of the triphenyl 
methane dyestuff's, and may be prepared from the above compound by 
oxidation and warming with acids. 

N(CH 3 ) 2 



N(CH 3 ) 2 
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Other reactions. The —CHO group is meta-directing, and direct nitra¬ 
tion of benzaldehyde produces' mainly meta-nitrobenzaldehyde. Para- 
nitrobenzaldehyde may be prepared from para-nitrotoluene by Etard’s 
reaction, and the ortho-nitrobenzaldehyde by nitrating cinnamic acid and 
subsequently oxidizing the —CH=CH—COOH group to —CHO. 


AROMATIC KETONES 

C 6 H 5 . CO . ch 3 c 6 h 5 . CO . C 6 H 5 

acetophenone bcnzophenone 

Preparation of Aromatic Ketones. These compounds may be obtained 
by distilling the calcium salt of the corresponding acid, or the mixed 
calcium salts. 


(C 6 H 5 . COO) 2 Ca -> C 6 H 5 . CO . C 6 H 5 + CaC0 3 

(C 6 H 5 . COO) 2 Ca + (CH 3 . COO) 2 Ca -> 2C 6 H 5 . CO . CH 3 + 2CaCO a 

Friedel and Craft's reaction—the action of acetyl chloride on dry 
benzene containing an excess of freshly prepared anhydrous aluminium 
chloride—also gives rise to the formation of acetophenone. 

C 6 H 6 + A1C1 3 + CH 3 . COC1 -* C 6 H 5 . CO . CH 3 

Properties. Acetophenone forms colourless crystals, m.p. about 20°C, 
which are moderately soluble in water (acetone is completely soluble). 
Under carefully controlled conditions, acetophenone may be oxidized with 
cold potassium permanganate to benzoyl formic acid, C 6 H 5 . CO . COOH, 
which on further oxidation forms benzoic acid. Acetophenone forms 
oximes, phenylhydrazones and cyanhydrins, but under ordinary condi¬ 
tions, it does not form a bisulphite compound. 

Benzophenone occurs in two crystalline forms, m.p. 49° and 26°C. It 
is less reactive than acetophenone, and on reduction gives the important 
compound diphenyl-methane— 


C 6 H 5 . CO . c 6 h 5 -> c g h 5 . ch 2 . c 6 h 5 

diphenylmcthane 


AROMATIC ACIDS 

The aromatic carboxylic acids are those compounds in which the —COOH 
group is directly linked to the benzene nucleus. In their properties, they 
behave very much like aliphatic carboxylic acids, except in so far as these 
may be modified by the reactions of the benzene ring portion of the 
molecule. 
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Preparation. The following methods are available for obtaining the 
aromatic acids. 


1. Oxidation of benzene derivatives which contain one or more carbon 
side-chains in the molecule— 


ch 3 

COOH 



A 

A 

| /X -CH 3 

<COOH 

\A 

\A 

/—CH 3 

3 

- ^ 

x x —COOH 

toluene 

benzoic acid 

o-xylene 

phthalic acid 


2. Hydrolysis of benzo-nitrile, C r ,H 5 . CN. The latter may be 
prepared— 

(a) by distilling a salt such as C 6 H 5 . S0 2 0K with KCN; 

( b ) by the Sandmeyer reaction (see p. 1016); 

(c) by dehydrating benzaldoxime, for example, with acetic anhydride 

C 6 H 5 —CH = NOH—HoO C 6 H 5 . CN 

3. From the Grignard reagent, C 6 H 5 MgI, by reaction with carbon 
dioxide— 


C 6 H 5 MgI + C0 2 + H 2 0 -> C 6 H 5 . COOH + Mg(OH)I 

4. Via Kolbe’s reaction (see p. 997). 

5. Via the Reimer-Tiemann reaction using carbon tetrachloride in place 
of chloroform (see p. 997). 

6. From sodium benzene sulphonate by heating with sodium 
formate— 

C 6 H 5 . S0 2 0Na -f H . COONa -> C 6 H 5 . COONa + NaHSO a 

Properties. Benzoic acid occurs naturally in gum benzoin (a natural 
resin), and was originally obtained from this substance by heating, when 
the benzoic acid sublimed off. It is a white crystalline compound, m.p. 
121°C, sublimes when heated rapidly and is volatile in steam. It is only 
sparingly soluble in cold water, but dissolves readily in hot water (from 
which it crystallizes on cooling) and also in dilute sodium hydroxide and 
sodium carbonate solutions. 

When heated with lime, benzoic acid is converted to benzene— 

C 6 H 5 . COOH + CaO -> C 6 H 6 + CaCO s 

Since the —COOH group is meta-directing, nitration, sulphonation or 
halogenation of benzoic acid gives mainly the meta-substituted compound. 
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The ortho- and para-derivatives may, however, be prepared indirectly 
from toluene— 


COOH COOH 



fODH CH r* u r*ur 



Derivatives of Benzoic Acid 

Benzoyl Chloride, C 6 H 5 . COC1, is a colourless liquid with a pungent 
lachrymatory smell. It may be prepared from benzoic acid by the normal 
reaction with phosphorus pentachloride or phosphorus oxychloride— 

C 6 H 5 . COOH + PC1 5 -» C 6 H 5 . COC1 + POCl 3 -f HCI 

It does not react with water nor with aqueous sodium hydroxide at ordinary 
temperatures. This lack of reactivity towards water contrasts strongly 
with the vigorous reactivity of acetyl chloride, and explains the use of the 
former in the Schotten-Baumann reaction for preparing benzoyl esters. 

Benzoyl Esters, e.g. ethyl benzoate, C G H 5 . COOC 2 H 5 . These are best 
prepared by the Schotten-Baumann reaction , which uses benzoyl chloride 
in the presence of aqueous sodium hydroxide to introduce the benzoyl 
group into hydroxy and amino-compounds— 

C 6 H 5 . COC1 + NaOH + C 2 H 5 OH -> C 6 H 5 . COOC 2 H 5 + NaCl + H 2 0 

Ethyl benzoate is a colourless liquid with a peppermint-like odour. 

Benzoic Anhydride, (C 6 H 5 . C0) 2 0, may be prepared by the action of 
benzoyl chloride on sodium benzoate— 

C 6 H 5 . COCI -I- C 6 H 5 . COONa -> (C 6 H 5 . C0) 2 0 + NaCI 

or, simply, by pouring benzoyl chloride into aqueous pyridine or sodium 
carbonate solution. It is a colourless crystalline solid, m.p. 40°C, 
b.p. about 350°C. 

Benzamide, C 6 H 5 . CONH 2 , may be prepared by the action of dilute 
aqueous ammonia on benzoyl chloride— 

C 6 H 5 . COCI + 2NH 3 -» C 6 H 5 . CONHo + NH 4 C1 
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It is a colourless crystalline solid, m.p. 130 C. It may be purified by 
crystallization from hot water and is easily hydrolyzed, for example by 
boiling with aqueous NaOH, to form sodium benzoate and liberate 

ammonia. 

Saccharin is o-benzoic-sulphonimide 



and is prepared commercially by the following sequence of reactions 



CH, 


N 


h 2 so 4 


CH 



3 


NH, 





SOoOH 


toluene 


o-toluene 
sulphonic acid 


CH, 


SO>NH 2 


o-toluene 

sulphonamide 


O 



—COOH 

-h 2 o ^ 

/ N 


—^ 

—so,nh 2 



CO 

>NH 

SO, 


o-benzoic 
sulphonamide 


saccharin 


Phenyl Acetic Acid, C 0 H 5 . CH 2 COOH, is obtained by the following 
reaction— 

C 6 H 5 . CH 2 C1 C g H 5 . CH 2 CN c 6 h 5 . ch 2 . COOH 


Cinnamic Acid, C 6 H 5 . CH = CH . COOH. 
page 1001. 

Phthalic Acid, 




COOH 


COOH 


See Perkin’s synthesis on 


is prepared commercially by oxidizing naphthalene with fuming sulphuric 
acid in the presence of a small quantity of a mercury catalyst, or by 
vaporizing naphthalene in a stream of air and passing over a heated 
vanadium pentoxide catalyst— 




COOH 


COOH 
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Phthalic anhydride, 



may be prepared by heating phthalic acid. It is used extensively in the 

production of eosine and rhodamme dyes, and also as an intermediate 

in the manufacture of anthraquinone and hence of the important dye, 
alizarin. 

Salicylic Acid, 



—OH 



COOH 


Sodium salicylate may be prepared from sodium phenate by the Kolbe’s 
reaction (heat with C0 2 —see p. 997). This is then converted into salicylic 
acid by treatment with mineral acids. 


NITRO-COMPOUNDS 

The aromatic nitro-compounds contain the univalent group —N0 2 linked 
directly to the benzene nucleus, e.g. - 



nitrobenzene m-dinitrobenzene 1.3.5. trinitrobenzene 


Nitrobenzene is prepared from benzene by the action of a mixture of 
concentrated nitric acid and concentrated sulphuric acid at ordinary 
temperatures. The function of the sulphuric acid appears to be to remove 
the water present in concentrated nitric acid (68 per cent HN0 3 ), so that 
the latter functions as 


HO—N 


\ 


O 


o 


rather than as H + -f- N0 3 _ (but see also p. 665) 


C 6 H 



-no 2 — c 6 h 5 . no 2 + h 2 o 
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Nitrobenzene is a pale yellow liquid, b.p. 210°C, with an almond-like 
odour which is often confused with that of benzaldehyde. It is used as a 
cheap scent in soaps, but its chief importance lies in its easy conversion 
to aniline, C 6 H 5 . NH 2 . 

Meta-dinitrobenzene is prepared by the action of a mixture of fuming 
nitric acid and concentrated sulphuric acid on benzene or nitrobenzene in 
the hot. On subsequently pouring into water, the m-dinitrobenzene 
separates as a yellow solid, m.p. 90°C. 

Trinitrobenzene is only prepared with difficulty by the action of fuming 
nitric acid and concentrated sulphuric acid on dinitrobenzene. It may, 
however, be prepared easily by nitrating toluene to give trinitro-toluene. 
The latter on oxidation is converted to trinitro-benzoic acid, which 
decomposes on warming to give trinitrobenzene. 



COOH 



heat 



2 


Phenol may easily be nitrated by dilute nitric acid in the cold to give a 
mixture of o- and p-nitrophenol. Further nitration occurs easily to 
give dinitro-phenol and trinitro-phenol (picric acid) 


OH 



Note the relative ease of nitration of benzene derivatives which contain an 
ortho-para directing substituent. The methyl group in toluene, however, 
does not activate the benzene to anything like the extent of the —OH group 
in phenol, but nitro-derivatives are formed much more easily than with 
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benzene. This lower reactivity of the methyl group is illustrated by the 
following method for preparing meta-nitro toluene— 



NH . CO . CH 3 NH . CO . CH 3 


In this preparation the acetamide group is more strongly ortho-para 
directing than the methyl group, so that the entering nitro-group takes 
up the position ortho to the —NH . CO . CH 3 group (and meta to the 
—CH 3 group). 

Properties. Aromatic nitro-compounds are usually pale-yellow sub¬ 
stances, insoluble in and heavier than water, but mostly readily soluble in 
alcohol, ether and glacial acetic acid. Many explode when heated or on 
detonation, for example, trinitro-toluene (“T.N.T.”) and trinitro-phenol 
(picric acid), but the lower members are volatile in steam and are usually 
separated by steam-distillation. 

Reduction Compounds. The products obtained by the reduction of 
nitro-benzene vary with the conditions as follows— 

1. Reduction in acid solution, for example, using tin and concentrated 
hydrochloric acid, gives aniline— 

c 6 h 5 . no 2 - c 6 h 5 . nh 2 

aniline 

2. Reduction in neutral solution containing a little ammonium chloride 
as catalyst gives phenyl-hydroxylamine— 

C 6 H 5 . N0 2 Zn d - ?t -> C 6 H 5 . NHOH 

3. Reduction in alkaline solution gives such compounds as— 

C 6 H 5 —N->0 C 6 H 5 —N C 6 H 5 —N—H 

c 6 h 5 —N c 6 h 5 -n c g h 5 -n-h 

azoxybenzene azobenzene hydrazobenzene 

Azoxybenzene may be prepared by reducing nitrobenzene with sodium 
methoxide in methyl alcohol solution. 

Azobenzene is less easily prepared from nitrobenzene, but may be 
obtained fairly easily by heating azoxybenzene with iron filings. 

Hydrazobenzene may be prepared by reducing nitrobenzene with zinc 
and sodium hydroxide in alcoholic solution. The hydrazobenzene dissolves 
in the alcohol and may subsequently be separated. 
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Nitrosobenzene , C 6 H 5 . NO, is probably also formed during the reduction 
of nitrobenzene in alkaline solution, but as it is very easily further reduced 
to phenyl hydroxylamine and to aniline, it is not prepared by this method. 
Azoxybenzene produced as above, probably results from the reaction of 
the first formed nitrosobenzene with phenylhydroxylamine. 

AROMATIC AMINES 

The aromatic amines may be regarded as ammonia derivatives in which the 
hydrogen atoms are replaced by benzene or substituted benzene groups. 
They show a close resemblance to aliphatic amines both in the methods of 
preparation and in their properties. The phenyl group will of course 



Fig. 270. Apparatus for Steam-distillation 


tend to modify these properties. Thus the phenyl group has an “acidic” 
role in many of its compounds, so that the basicity of the aromatic amines 
decreases with increase in the number of phenyl groups. It will be recalled 
that with the purely aliphatic amines the reverse is the case and the 
basicity increases in the order primary, secondary, tertiary and quaternary. 
No purely aromatic quaternary amines are known, and of the primary, 
secondary and tertiary, the primary amines are especially important. 

Aniline, C 6 H 5 . NH 2 , is the most important of the primary aromatic 
amines. 

1. It may be prepared by the reduction of nitrobenzene in acid solution. 
The usual laboratory method uses tin and concentrated hydrochloric 
acid as the reducing agent. 

c g h 5 . no 2 —-> c 6 h 5 . nh 2 

aniline 

About 25 g of nitrobenzene and 50 g of granulated tin are placed in a 
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ge flask fitted with a reflux water-condenser. About 20 ml of concen- 
trated hydrochlonc acid are then added via the condenser and the mixture 
gentiy shaken When the reaction slackens (moderate the reaction by 
immersing the flask in cold water from time to time), a further 20 ml of 

[?™ C , h " nc ac ‘ d are added > and the process repeated until about 100 ml of 

fi t been added - The reduction is then completed by heating 
the flask (without the condenser) for about 30 min on a water bath. The 

aniline is now present as the chlorostannate, (C 6 H 6 . NH 3 ) 2 SnCl 6 . Treat¬ 
ment with excess of sodium hydroxide solution liberates the aniline as a 
dark-coloured oil, which is then separated by steam-distillation. 

r P;) 2 ' tl ^ ni lne ma y. also be Prepared from benzamide by the Hofmann 
reaction (see p. 951)— J 


C 6 H 5 . CONH 2 (-f- Br 2 + KOH) 


6 n 5 


NH. 


, 3 * P heno1 with ammonia in the presence of zinc chloride at 

about 300 C, aniline is obtained— 


C 6 H 5 OH -f NHg -> C 6 H 5 NH 2 + H 2 0 

Commercially, aniline is prepared from nitrobenzene by the first method 
using iron filings instead of the more expensive granulated tin. 

Properties. Aniline when freshly prepared is a colourless liquid, 
b.p. 184 C, but on exposure to air and light it develops a deep brown 
colour, and may ultimately become black. It is only very slightly soluble in 
water, but dissolves in hydrochloric acid and in other acids due to the 
formation of soluble salts. Since aniline is only weakly basic, however, 
these soluble salts are all appreciably hydrolyzed in solution and so have 
a strong acid reaction. For the same reason the salt, aniline carbonate, is 
not formed. With a more concentrated hydrochloric acid, the salt, 
aniline hydrochloride, separates as a white solid— 

C 6 H 5 . NH 2 + HC1 C 6 H 5 . NH 2 . HC1 or [C 6 H 5 . NH 3 ]C1 

The second of these two formulae is the correct one, but the name aniline 
hydrochloride is the one by which this compound is usually known. The 
formulae of other such salts include— 


[QjHs . NH 3 ] 2 S0 4 , aniline sulphate or phenyl ammonium sulphate, 
[C 6 H 5 . NH 3 ]N0 3 , aniline nitrate or phenyl ammonium nitrate. 

Aniline forms sparingly soluble salts with chloroplatinic acid and also 
with hydrochloric acid solutions of gold chloride and of copper chloride, 
namely [QHg . NH 3 ] 2 PtCl 6 , [C 6 H 5 . NH 3 ]AuC 1 4 , [C 6 H 5 . NH 3 ]CuCJ 4 . 

The following are typical aniline reactions. 

(i) It reacts with metallic potassium or sodium giving compounds such 
as C 6 H 5 . NHK and C 6 H 5 . NK 2 , which are immediately decomposed by 
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water. These compounds react with bromobenzene, C 6 H 5 Br, to give 
secondary and tertiary aromatic amines, (C 6 H 5 ) 2 NH and (C 6 H 5 ) 3 N. 

(ii) It undergoes the Schotten-Baumann reaction with benzoyl chlor¬ 
ide in the presence of sodium hydroxide to form benzanilide 

QHs . NH . CO . c 6 h 5 . 

(iii) Acetanilide, C 6 H 5 . NH . CO . CH 3 , is formed when aniline is 
treated with acetyl chloride or with acetic anhydride. 

(iv) Aniline condenses with benzaldehyde when heated on a water 
bath— 


c 6 h 5 



HC . OH 


C g H 5 . N = CH . C 6 H 5 

benzylidene aniline 


With aliphatic aldehydes, compounds such as 


C 6 H 5 . NH. 

>CH . CH 3 
C 6 H 5 . NH 7 

are formed. 

(v) Aniline gives the usual carbylamine reaction for primary amines 
when warmed with chloroform and alcoholic potassium hydroxide— 

C 6 H 5 . NH 2 (+ CHC1 3 + KOH) -> C 6 H 5 . NC 

phenyl 

carbylamine 

(vi) Aniline reacts readily with chlorine and with bromine. Thus, 
colourless crystals of tribromo-aniline are formed by drawing bromine 
vapour through an aqueous solution of aniline hydrochloride— 



5 


NH 2 -f 3Br 2 



Similarly when aniline is shaken with bromine water, a white precipitate 

of the tri-bromide is formed. This reaction is of commercial importance 

for the recovery of bromine from weak aqueous solutions 

(vii) When aniline is treated in the cold with nitrous acid, the very 

important diazo-compoimds are formed. These are discussed in detail in 
the next section. 


C 6 H* . N 


H 2 + O — NOH(+ HC1) -> [C 6 H 5 . N=N]C1 
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When the solution is heated the diazonium compound decomposes— 

c 6 h 5 . n 2 ci + h 2 o -> c 6 h 5 oh + n 2 + HC1 

Primary aliphatic amines also react with nitrous acid, but the intermediate 
diazo-compounds are not formed and the reaction goes directly to the 
formation of the alcohol and liberation of nitrogen— 

ch 3 . nh 2 + hno 2 -> CH 3 OH + N 2 + h 2 o 

(viii) Aniline is easily oxidized, but the product depends both on the 
nature of the oxidizing agent and on the conditions. Thus— 

(, a ) Bleaching powder (or sodium hypochlorite solution) oxidizes 
aniline to a violet-coloured product. This reaction is sometimes used as a 
test for aniline—Runge’s test. 

( b ) Acidified potassium dichromate oxidizes aniline to benzoquinone, 
C 6 H 4 0 2 , known also as quinone 

O 



O 


(c) Further oxidation produces a black dye-stuff with a very complex 
structure, known as aniline black. 

Secondary and Tertiary Aromatic Amines, (C 6 H 5 ) 2 NH, diphenylamine, 
and (C 6 H 5 ) 3 N, triphenylamine. These are not particularly important. 
Diphenylamine is an extremely weak base, but it does react with nitrous 

acid to form a nitrosamine 


(C 6 H 5 ) 2 N 



NO -> (C 6 H 6 ) 2 N—NO 


and may also be converted into the acetyl derivative (C G H 5 ) 2 N CO . CH 3 . 
Triphenylamine is even less important and is not even basic. 

The mixed aliphatic-aromatic secondary and tertiary amines are much 

more important. , , . , ,. . , 

Methvlaniline, C 6 H 5 . NH . CH 3 , is prepared, together with dimethyl 

aniline, by heating aniline with methyl iodide in a sealed tube under 


The two compounds may be separated by converting methyl aniline 
into its acetyl derivative, and then distilling off the unchanged di¬ 
methyl aniline. The methyl aniline may then be obtained from the methyl 
acetanilide residue by hydrolysis and distillation. 

Methyl aniline is more basic than aniline, and undergoes the usual reac¬ 
tions of secondary amines. The nitrosamine which it forms by reaction 
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with nitrous acid isomerizes when allowed to stand in alcoholic HC1 
solution to form para-nitroso-methylaniline— 



NO 


Since p-nitroso-methyl aniline is a base, it usually separates from the 
solution as the hydrochloride, but the free base may be liberated by 
subsequent treatment with aqueous sodium carbonate. 

Dimethyl-aniline, C 6 H 5 . N(CH 3 ) 2 , is particularly important because of 
the various addition reactions which can occur at the para-position of the 
benzene ring. The di-methyl amino substituent appears to impart a very 
high degree of reactivity to the para-hydrogen atom of the benzene ring. 
This reactivity is illustrated by the following addition reactions— 

{a) With nitrous acid , note that purely aliphatic tertiary amines do not 
react— 


ON—OH + H 


Pw 


-N(CH 3 ) 2 -> ON 



N(CHT 


p-nitroso dimethyl-aniline 

If the reaction is carried out by the action of a nitrite and hydrochloric 
acid, the nitroso-dimethyl aniline separates out as the hydrochloride, a 
yellow solid. This latter when hydrolyzed with aqueous sodium hydroxide 
gives p-nitroso phenol and the secondary amine, dimethylamine— 

ch 3X ch 3 

N^ OH 



+ HoO 


NO 



+ (CH 3 ) 2 NH 


NO 


(b) With benzaldehyde , reaction occurs to give the base of Malachite 
Green— 


C 6 H 5 . CH 



NMe. 


ZnCl a 



NMe. 


> C g H 5 . CH 


NMe, 



NMe. 






1014 


AROMATIC HYDROCARBON DERIVATIVES 


(c) With carbonyl chloride (phosgene) the compound known as Mischief 
ketone is formed— 



DIAZONIUM COMPOUNDS 

The important .diazonium compounds were discovered by Griess in 1860. 
They are prepared by the action of cold nitrous acid and a mineral acid, 
such as hydrochloric acid, on an aromatic primary amine— 

C 6 H 5 . NH 2 -f- HC1 + HNOg C 6 H 5 . N 2 . Cl + 2H 2 0 

This type of reaction is known as the diazo reaction , and the compounds 
were originally known as diazo-compounds. The term diazonium com¬ 
pound however, is nowadays preferred because of the general similarity in 
properties which these compounds show to ammonium compounds, and 
they are formulated as— 


[C 6 H 5 —N=N]C1 or C 6 H 5 —N+}C1* 

III 



Diazo-compounds are also known; these are formulated as 

C 6 H 5 —N=N—Cl 

Their properties, however, are different from those of the true diazonium 
compounds. 

Preparation of Benzene Diazonium Chloride. An aqueous solution of 
benzene diazonium chloride is prepared from aniline by the following 
diazo reaction. The aniline is dissolved in a slight excess of dilute hydro¬ 
chloric acid (1 \ 2'2 molecular equivalents) and the solution cooled to about 
5°C by immersing the flask in a suitable freezing mixture. Slightly more 
than the calculated quantity of a solution of sodium nitrite is then added 
drop-wise over a period of time. During this addition, the contents of the 
flask are kept well stirred, preferably by a mechanical stirrer, and the 
temperature of the reacting mixture maintained at about 5°C. If the tem¬ 
perature is allowed to increase the diazonium chloride decomposes to form 
phenol; if, on the other hand the temperature is reduced to about 0°C the 
rate of diazotization becomes unnecessarily slow. The sodium nitrite 
solution should be added until there is a slight excess of free nitrous acid 
in the solution. This is indicated by spotting out portions of the reaction 
mixture on to starch-iodide paper. If the latter is immediately turned blue, 
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then excess of nitrous acid is present and the diazotization is complete. 
The resulting solution of benzene diazonium chloride may then be used 
directly to carry out the reactions described below. 

The following experimental conditions for successful diazotization 
should be carefully noted— 

(a) The temperature of the reaction mixture should not be greater than 
10°C. At higher temperatures, the diazonium compound decomposes— 

C 6 H 5 —N 2 C1 + h 2 o C 6 H 5 OH + N 2 + HC1 

(b) The nitrous acid should be prepared in situ, and be sufficient to 
diazotize all the aniline. If insufficient sodium nitrite is added, the un¬ 
changed aniline will react with the diazonium chloride to form diazo- 
aminobenzene— 


Cr.H,-No 



NH 


c 6 h 5 


C 6 H 5 —N 2 —NH . C 6 H 6 + HC1 


Properties. Diazonium compounds are usually very soluble in water, 
but are sparingly soluble in alcohol and in ether. They are neutral, strongly 
ionized, form sparingly soluble platinichlorides, and are clearly the salts of 
a very strong base. The latter may be prepared from the diazonium chloride 
by reaction with silver oxide. These properties all point to the ammonium- 

type of formula with the chlorine present as the negatively charged 
chloride ion. 


C 6 H 6 —N+}C1- 

III 

N 


When an aqueous solution of benzene diazonium chloride is added to a 
cold concentrated solution of potassium hydroxide, the unstable potassium 
diazotate is formed. This diazo-compound changes to the more stable, 
isomeric iso-diazotate on heating with alkali to about 130°C. These two 
compounds are not diazonium compounds. They are called diazo¬ 
compounds and are considered to have the following formulae, in which 
the two compounds show geometrical isomerism comparable to that shown 
by fumaric and maleic acids (see p. 974)— 


C 6 H 5 —N C 6 H 5 —N 


KO-N 


N—OK 


Reactions of Diazonium Compounds 

A. Reactions in which nitrogen is liberated 

(i) Formation of phenol on warming the aqueous solution— 

C 6 H 5 —N 2 C1 + h 2 o -> C 6 H 5 OH + N 2 + HC1 

Note that nitrous acid converts aliphatic primary amines directly to the 
alcohols. J 


33 —(T. 447 ) 
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(ii) Sandmeyer s Reaction 

C 6 H 5 —N 2 C1 + Cu 2 CI 2 -> C 6 H 5 —Cl + n 2 
^-" 6^5 ^Cl -f Cu 2 Br 2 —> C 6 H 5 —Br -f- N 2 
C 6 H 5 —N 2 C1 + Cu 2 (CN) 2 -> C 6 H 5 —CN + N 2 

The reaction is carried out by warming the solution of the diazonium 
chloride with the appropriate cuprous salt. In the case of the chloride, 
a solution of cuprous chloride in hydrochloric acid is used; for the bromide 
the solution is cuprous bromide in hydrobromic acid, whilst for the 
cyanide, a solution of potassium cuprocyanide is used. 

(iii) Chlorobenzene may also be prepared by Gattermann's method 
which consists in treating the solution of benzene diazonium chloride 
with finely divided copper powder. The latter acts catalytically even at 
room temperature to form chlorobenzene with evolution of nitrogen— 

C 6 H 5 -N 2 C1 -> C 6 H 5 -C1 + n 2 

(iv) It is not necessary to use a copper catalyst to prepare iodobenzene. 
If the solution of the diazonium chloride is treated in the cold with a 
solution of potassium iodide, the resulting diazonium iodide decomposes 
readily to form iodobenzene— 

C 6 H 5 —N 2 C1 QH 5 —N 2 I-52U c 6 h 5 —I + n 2 

(v) If the diazotization is carried out in presence of alcohol, then on 
warming, either of the following reactions may occur— 

C 6 H 5 —N 2 C1 + C 2 H 5 OH -* C 6 H 6 -f N 2 + CH 3 . CHO + HC1 

C 6 H 5 —N 2 C1 + C 2 H 5 OH -> C 6 H 5 —OC 2 H 5 + N 2 + HC1 

The nature of the product is largely determined by the nature of the 
original primary amine. The former reaction tends to occur most easily 
the more acidic the original amines, e.g. 

CH 3 

diazo re action 
and warming with alcohol 

nh 2 

(vi) The —N 2 C1 group may also be replaced by H by reducing the 
diazonium chloride with stannous chloride in sodium hydroxide solution 

C 6 H 5 —N 2 C1(+ Na 2 Sn0 2 ) C 6 H 6 + N 2 + etc. 

(vii) Diazonium benzene chloride may be converted into nitrobenzene 
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by treatment with a nitrite in the presence of cupric oxide and copper 
as catalyst— 

C 6 H 5 . N 2 C1 + KN0 2 -> C 6 H 5 N0 2 + KC1 4- N 2 

B. Addition reactions in which nitrogen is not liberated 

(i) Reduction of benzene diazonium chloride by stannous chloride in 
hydrochloric acid solution gives phenyl hydrazine hydrochloride— 

C 6 H 5 —N 2 C1 + 4H -* C 6 H 5 —NH—NH 2 + HC1 

(ii) Coupling Reactions. The following coupling reactions are very 
important in the formation of the so-called azo-dyes. The coupling 
reaction occurs preferably at the para-position, or if this is already occupied, 
in the ortho-position— 

N=N} 




MeoN 



N=N 


methyl orange 



SOoOH 


SOoOH 


NMe. 



ONa 



N=N 



sodium p-hydroxy azobenzene 

DYES 

These are organic compounds of various structures which are characterized 
by the presence in their molecules of a chromogen and an auxochrome y as 
expressed by the general equation— 

DYE = CHROMOGEN + AUXOCHROME 

The chromogen is an aromatic compound which possesses a group known 
as a chromophore , the more important of which are 

-N=N- >C=0, >C=S, >C-S-S-C<, -NO, -NO, 

These groups impart colour to an aromatic molecule, but by themselves 
are insufficient to make the resulting compound a dye. Thus azobenzene 

—N=N— 






aitnougn it possesses a brilliant red colour, is not a dye. To become a dye 
some other group is necessary to enable the resulting compound to adhere 
or become fixed to a textile fibre. Such groups are known as auxochromes 
and include salt-forming groups such as —OH, —NH 2 , or their derivatives 
and also such groups as -SQ 2 OH and -COOH which impart solubility 
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More than a half of all the dyes used commercially are azo-dyes and 
are produced by the reactions above, i.e. diazotization followed by a 
coupling reaction in the presence of dilute acid or alkali. The simpler 
azo-dyes are yellow, but by varying the auxochrome and increasing 
the number of carbon atoms in the aromatic portion of the molecule, 
the colour deepens and all the colours of the spectrum may be produced. 
In general the azo-dyes are produced by adding the solution of the 
diazonium compound to the aromatic amine, phenol, naphthol, or 
derivatives of these. The coupling occurs preferentially in the para- 
position to the hydroxyl or amino group, but if this is already occupied 
coupling may occur in the ortho-position. If neither of these positions 
is vacant, then coupling does not occur. These reactions are exemplified 
by the following examples of the formation of azo-dyes— 

(a) Methyl Orange (see above) 

Me 2 N—/ ^—N=N——S0 2 0H 

Formed by diazotizing sulphanilic acid and coupling with dimethyl-aniline. 

(b) Chrysoidine Yellow 


NH 2 



The m-phenylene diamine couples para- to one of the — NH 2 groups (and 
ortho- to the other). Chrysoidine yellow dyes silk and wool directly with 
an orange-red colour. 

(c) Bismarck Brown. When meta-phenylene diamine is diazotized it 
couples with itself to form Bismarck Brown, the formation of which is 
sometimes used as a very delicate test for nitrous acid— 
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GO Para Red. This and other related dyestuffs are usually prepared 
directly in contact with the cloth fibre by impregnating the fabric with 
/9-naphthol and immersing the prepared fabric into an aqueous solution 
of the diazotized amine, such as p-nitraniline. 


NH a N 2 }C1 



(p-nitrobcnzene azo-^-naphthol) 
Para Red 



CHAPTER 37 


ANALYSIS OF ORGANIC COMPOUNDS 

In the present chapter it is proposed to review the stages involved in 
determining the molecular formula of organic compounds. These stages 
are classified as follows— 

(1) Preparation of the compound in a pure form. 

(2) Qualitative analysis to determine the elements present in the pure 
compound. Thus aniline contains carbon, hydrogen and nitrogen. 

(3) Determination of the relative proportion of these elements by weight. 
The results are usually expressed on a weight percentage basis. Thus, 
aniline is found to contain 77-42 per cent of carbon, 15-05 per cent of 
nitrogen and 7-53 per cent of hydrogen by weight. 

(4) Determination of the Empirical Formula from the percentage 
composition. The empirical formula expresses the relative numbers of 
the different atoms present in the molecule of the substance. 

(5) To obtain the molecular formula from the empirical formula it is next 
necessary to determine the molecular weight of the compound. Thus, the 
empirical formula of acetic acid is found to be CH 2 0, but the molecular 
weight is double this, i.e. 60, so that the molecular formula of acetic acid 
must be C 2 H 4 0 2 . 

(6) The final stage in determining the structural formula of the organic 
compound is dependent on a knowledge of the chemical reactivity of that 
compound. Thus, aniline shows the reactions of a primary amine and 
therefore contains the group —NH 2 . It also shows many of the reactions 
of benzene and may be converted into this compound, for example by 
diazotization followed by the Sandmeyer reaction. The formula of aniline 
appears therefore to be C 6 H 5 . NH 2 , and this formula is confirmed by the 
numerous other reactions of aniline. 


Purification of the Organic Compound 

The purification of an organic compound may be a relatively easy process 
but more often it is a somewhat difficult process, and the choice of the 
different methods available to effect the purification will vary from case 
to case. The more important of the simpler methods of purification may 

briefly be summarized as follows— 

(a) Recrystallization of the substance, if a solid, from a suitable 
solvent. The solution is usually prepared in the hot, filtered and the 
filtrate allowed to crystallize. The mother liquor usually retains most of 
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the impurities, but sometimes it is necessary to recrystallize the substance 
again from fresh solvent. 

(b) If the substance is a liquid, it may either be converted into a solid 
derivative and the latter purified by recrystallization, or it may be separated 
by the method of distillation. The variations of this latter method include 
fractional distillation, and also distillation under reduced pressure. The 
latter is usual in those cases where the substance would otherwise decom¬ 


pose at its boiling point under atmospheric pressure. Other distillation 
methods include steam-distillation (e.g. purification of aniline) and 
azeotropic distillation (e.g. preparation of anhydrous alcohol). 

If the substance after purification has a sharp melting point or boiling 
point, then it may be taken to be pure. This follows from the fact that 
impurities tend to spread out the tem¬ 
perature of melting, although in some 
cases an indefinite melting point may \ 

result from decomposition of an other- V 

wise pure compound. / / \W 


Qualitative Analysis 

Identification of Elements Present 

Carbon and Hydrogen. If the substance 

is definitely organic the presence of Dry copper oxide 

carbon may be assumed and it is almost ~ ~ 

certain that hydrogen will also be present. Carbon and Hydrogen 

If a direct test is required, the procedure J fa 

is to mix a little of the powdered substance with about ten times its 
weight of perfectly dry cupric oxide in powder form, and heat the mixture 
in a diy tube as in the diagram. The carbon and hydrogen present in 
the compound are oxidized to carbon dioxide and steam respectively. The 
latter condenses on the upper portion of the tube, and the former is 
detected by passing through lime-water. 

Nitrogen. Some organic compounds containing nitrogen give off 
ammonia when heated alone or with soda-lime. A negative result however 
does not necessarily indicate the absence of nitrogen, since there are many 
nitrogen-containing organic compounds, such as nitro-benzene, which 
fail to give this test. It is more usual, therefore, to carry out the following 
Lassaigne test which is general for all organic compounds containing 
nitrogen and also for detecting the halogen elements and sulphur. 

Lassaigne's Sodium-fusion Test. A small rimmed test-tube is supported 
vertically from a piece of asbestos cardboard resting on the ring of a retort 
stand, shown on p. 1022. A piece of clean sodium, about the size of a pea 
is dropped into the test-tube and then carefully heated until it begins to 
melt and vaporize. At this stage, a small quantity of the dry organic 


Dry compound * v 

Dry copper oxide ' 

Fig. 271. Detection of 
Carbon and Hydrogen 
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compound is added so that it falls directly on to the molten sodium (if the 
substance is liquid, it may be added via a dropping-tube). A vigorous 
reaction usually occurs—indeed, such substances as chloroform, carbon 
tetrachloride, explode in contact with sodium vapour and must not be 
submitted to this test. The test-tube is then heated strongly until the 
lower portion of the test-tube is red-hot, and at this stage it is plunged into 
an evaporating basin or small beaker containing distilled water. This 
operation should be carried out firmly and with due precautions since 
any residual sodium will explode in contact with the water. The charred 

mass in the evaporating basin is then ground 
up with the water and the solution filtered. 

This solution will contain nitrogen (if present) 
as sodium cyanide, the halogens (if present) as 
the sodium halides and sulphur (if present) as 
sodium sulphide. The second part of the test 
njU y gzzro za kjnnrn thus involves the detection by the usual chemical 

“° reactions of (a) a cyanide, ( b ) a halide and (c) 

a sulphide. A portion of the filtrate is there- 
MetalUc fore tested for cyanide as follows. Ferrous 
Sodium sulphate solution and a little sodium hydroxide 

are added and the mixture boiled to convert 
the cyanide into the ferrocyanide— 

6NaCN + FeS0 4 = Na 4 [Fe(CN) 6 ] + Na 2 S0 4 

' Two to three drops of a ferric chloride solution 

k are then added to convert the ferrocyanide to 

Fig. 272. Apparatus for deep-blue ferric ferrocyanide (Prussian 

Lassaigne Test Blue). The solution is then cooled and acidified 

with concentrated hydrochloric acid to dissolve any ferrous and ferric 
hydroxides present. A blue solution or blue precipitate of Prussian Blue 
indicates the presence of nitrogen in the original organic compound. 

If the solution is coloured green, then nitrogen may be present and it 

is advisable to repeat the test. 

3Na 4 [Fe(CN) 6 ] + 4FeCl 3 = Fe 4 [Fe(CN) 6 ] 3 + 12NaCl 

Halogens. A second portion of the solution from the Lassaigne sodium- 
fusion test is boiled with nitric acid to expel HCN if nitrogen was found 
to be present (otherwise this nitric acid boiling may be omitted) 

NaCN + HNO s = NaN0 3 + HCN 

Silver nitrate solution is then added. A curdy white precipitate indicates 
the presence of chlorine in the original substance; a cream or yellow 
precipitate similarly indicates bromine or iodine. The exact nature o 
the halogen is indicated by the usual methods of acid radical tests. 
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Beils te in s Test. This very rapid test is usually carried out before the 
sodium fusion test for the halogen. A piece of clean copper gauze is 
first oxidized by heating in the bunsen flame until the latter is no longer 
coloured green. A small quantity of the organic compound is then placed 
on the oxidized copper gauze and the heating continued. If the flame is 
coloured bright green, the presence of a halogen is indicated. 

Sulphur. A third portion of the solution from the Lassaigne sodium- 
fusion test is treated with a freshly prepared solution of sodium nitro- 
prusside. If the solution is coloured purple (resembling permanganate) 
the piesence of sulphur in the original organic compound is indicated. 
Alternatively, the presence of sulphide in the solution from the sodium 
fusion test may be indicated by placing a little on a clean silver coin. If 
sulphur is present, the formation of black silver sulphide will be revealed 
by the blackening of the coin. 

Metals. These are detected by strongly igniting the organic compound 

and examining the solid residue (if any) by the usual methods of qualitative 
analysis. 

No general method for detecting and estimating oxygen in an organic 
compound is known. 


Quantitative Analysis 

Determination of Percentage Composition. Limitations of space prevent 
a full discussion with experimental details of the quantitative methods for 
estimating carbon, hydrogen, nitrogen, halogens and sulphur in an organic 
compound, but these details may be obtained if required from any book on 
practical organic chemistry. In the following account, only the general 
procedure in making these determinations is described. 

Carbon and Hydrogen. The method is based on the qualitative method. 
A known weight of the organic compound is completely oxidized by 
heating in a current of pure dry oxygen and the resulting carbon dioxide 
(containing the whole of the carbon) and water (containing the whole of 
the hydrogen) are collected and weighed. 


C m H n -f- oxygen -* niC0 2 -f n/2 H 2 Q 


The water is absorbed in weighed calcium chloride tubes, and the carbon 
dioxide in weighed potash or soda-lime tubes. The essential parts of the 
apparatus are shown in the two diagrams on p. 1024. 

Nitrogen. There are two general methods available. The first, Dumas’ 
method in which all the nitrogen present in the organic compound is 
liberated as nitrogen the volume of which is measured; the second, 
Kjeldahl method, of less general application, converts the nitrogen into 

nmmnmn o 


Dumas' Method. This is essentially a modification of the above method 
for determining carbon and hydrogen. The compound is heated in a 




Sulphuric Acid 
Wash - bottle 


Soda-lime 
tube 


Weighed Un weighed 

Combustion Furnace CaCl 2 -tube CaCl 2 

|l Weighed guard-tube 

I I Potash bulbs I 


o o o o o o o o o o o c p o 


Oxygen 



Fig. 274. Apparatus for Determining Carbon and Hydrogen 



Lunge Nitrometer 


Fig. 275. Combustion Tube for Nitrogen with Lunge Nitrometer 
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current of pure carbon dioxide in the presence of copper oxide. Any oxides 
of nitrogen formed are decomposed by a heated copper spiral. The carbon 
dioxide and nitrogen issuing from the combustion tube are passed through 
a strong solution of potassium hydroxide to remove the carbon dioxide 
and the volume of the residual nitrogen then measured in a nitrometer, as 
shown in Fig. 275. 

Kjeldahl Method. In this method a known weight of the organic com¬ 
pound is heated with concentrated sulphuric acid, a little potassium sul¬ 
phate (to raise the boiling point) and a trace of selenium as catalyst until 
the compound has been completely decomposed and the nitrogen converted 
into ammonium sulphate] The solution is then made alkaline and the 
ammonia distilled over into an excess of a standard solution of acid. The 
quantity of ammonia is then found by back-titration. 

Halogens. The usual method for halogens is Carius' method. A known 
weight of the substance is heated with fuming nitric acid and silver nitrate 
in a sealed tube. After cooling, the tube is opened and the silver halide 
subsequently filtered off, dried and weighed. Although the method is 
simple in principle, it takes rather a long time, requires some experience 
in sealing and opening the tubes if breakages or even explosions are to be 
prevented. 

Sulphur. Sulphur is also estimated by Carius' method. A known weight 
of the substance is heated in a sealed tube with fuming nitric acid. The 
sulphur is oxidized to sulphuric acid which is subsequently estimated as 
barium sulphate. 

Oxygen. No general method is available for estimating oxygen in an 
organic compound. The percentage of oxygen is always found by differ¬ 
ence, that is by subtracting the percentages of all the other elements 
present from one hundred. 

Determination of the Empirical Formula. A knowledge of the percentage 
composition of the organic compound now enables the empirical formula 

of the compound to be determined. The procedure is best illustrated by 
considering a specific example. 

(a) Percentage composition: C = 40 00, H = 6*67, and O (by difference) 
= 53-33. 

That is, 100 gms of the compound contain: 40 p carbon, 6-67 g hydrogen 
and 53-33 g oxygen. ° 

(b) The number of gramme-atoms of C, H and O in 100 g of the com¬ 

pound is now found by dividing each of these numbers by the appropriate 
atomic weights— rr r 


100 g contain 


40-00 

6-67 

53-33 


12 

1 

16 


3-33 gramme-atoms of carbon 
6-67 gramme-atoms of hydrogen 
3-33 gramme-atoms of oxygen 


That is, the compound is composed of atoms of carbon, hydrogen and oxy¬ 
gen in the ratio: 3-33:6-67:3-33, or more simply 1:2:1. This simplest 
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whole-number ratio of the numbers of the different atoms gives the empirical 
formula that is CH 2 0. The true molecular formula is then given by 

(CH 2 0) n , where n is a small whole number. 

Determination of the Molecular Formula. To determine n in the above 
expression, it is necessary to determine the molecular weight of the com¬ 
pound. If the compound volatilizes at a relative low temperature without 
decomposition, the simplest method is to determine its vapour density by 
either the Victor Meyer, Hofmann or Dumas methods (see Chapter 2). 
Other methods include the cryoscopic methods, for example Rast’s method 
which uses camphor as the solvent, or for organic acids and bases the 
following chemical methods— 

(a) Organic Acids. A weighed amount of the silver salt is heated until 
it is completely decomposed to leave a residue of metallic silver. If the 
acid is n basic, then the following reaction where H n X is the formula of 
the acid will have occurred— 

Ag„X heated -► /zAg 

Weight of silver salt _ 10 Sn -f X 
Weight of silver 108/z 

/ ■ 

Since the formula of the acid is H n X, a knowledge of X gives the required 
molecular weight of the acid as (// 4 - X). 

(b) Organic Bases. The amines form insoluble chloroplatinates which on 
heating decompose to leave a residue of metallic platinum. The amine is 
therefore dissolved in hydrochloric acid, and a solution of platinic chloride 
added to precipitate the platinichloride— 

2CH 3 NH 2 + H 2 PtCl 6 -> (CH 3 . NH 3 ) 2 PtCl 6 | 

or, more generally, 2B -> (BH) 2 PtCl 6 j . 

A weighed quantity of the platinichloride is then strongly ignited and the 
residual platinum weighed— 

(BH) 2 PtCl 6 -> Pt 

It follows, therefore, that— 

Weight of salt _ 2B + H 2 PtCl 6 _ 2B -f 410 

Weight of platinum Pt 195 

so that the molecular weight of B, the amine, can be determined. 
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Benzamide, 1004 
Benzene, 976 
Benzoic— 
acid, 1003 

I anhydride, 1004 
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Benzoin reaction, 917 
Benzophenone, 1002 
Benzoyl chloride, 1004 
Berkeley and Hartley apparatus for 
measurement of osmotic pressure, 
152 

Beryl, 483 
Beryllium— 

compounds, 487 
extraction of, 485 
occurrence of, 483 
properties of, 485 
uses of, 486 
Bessemer process, 830 
Beta rays, 47 
Betts’ process, 471 

Binding energy of protons and neutrons, 
57 

Birkeland-Eyde process, 227 
Bismark brown, 1018 
Bismuth, 694 
compounds, 697 
detection of, 712 
glance, 694 
halides, 700 
oxychloride, 700 
trichloride, 700 
trioxide, 704 
uses of, 712 
Bismuthite, 694 
Bituminous coal, 583 
Black band iron ore, 825 
Black phosphorus, 673 
Blagden’s law, 146 
Blanc fixe, 516 
Blast furnace, 827 
gas, 827 
slag, 827 

Bleaching powder, 804 
Blue— 

Billy, 825 
powder, 521 
stone, 467 

vitriol (see Blue stone) 

Body-centred cubic structure, 125 
Bohr, Niels, 59 
Boiling point— 
constant, 143 
elevation, 142 

determination of, 144 
Bomb calorimeter, 207 
Bonderizing, 306 
Bone charcoal, 564 
Borax, 422, 537 
bead, 538 


Boric— 
acid, 535 
oxide, 534 
Boron, 532 
carbide, 540 
compounds, 534 
hydrides, 540 
nitride, 540 
trichloride, 540 
trifluoride, 539, 783 
Bosch process, 367 
Bower-Barff process, 306 
Boyle’s law, 7, 86 
Brandy, 898 
Braunite, 818 

Bredig’s method for preparation of 
colloidal solutions, 346 
Brightray, 768 

Brine, electrolysis of, 428, 809 
Brin’s process, 386 
Bromine, 784 

manufacture of, 788 
oxycompounds, 813 
preparation of, 786 
properties of, 790 
uses of, 817 
Brown— 
coal, 583 
ring test, 652 
Brownian movement, 341 
Brucite, 487 
Buffer solution, 329 
Butane, 859 
Butter, 944 
of tin, 619 
/jo-Butylene, 876 
/r-Butylene, 876 

Cadmium, 525 
compounds— 
copper, 460 
oxide, 525 
sulphate, 525 
sulphide, 526 
extraction of, 525 
occurrence of, 525 
properties of, 525 
uses of, 525 

Caesium chloride structure, 126 
Caisson disease, 360 
Calamine, 516 
lotion, 523 
Calcination, 825 
Calcite, 499, 505 
Calcium, 499 
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Calcium—( contd .) 
bicarbonate, 506 
carbonate, 198, 505 
carbide, 501 
chloride, 199, 506 
extraction of, 499 
fluoride, 507 
hydride, 501 
hydroxide, 504 
occurrence of, 499 
oxide, 502 
phosphate, 508, 669 
properties of, 500 
sulphate, 507 
uses of, 501 
Calgon, 514, 687 
Caliche, 422 
Calomel, 528 
cell, 269 
Calor gas, 867 
Calorific value, 207 
of gaseous fuels, 210 
of solid fuels, 207 
Calorizing, 309 
Calverite, 479 

Canal rays (see Positive rays) 
Cannizzaro, 39 

determination of atomic weights, 
reaction, 913 
Carbitol, 958 
Carbon, 553 
activated, 565 
allotropy of, 557 
amorphous, 563 
cycle, 555 
charcoals— 
animal, 564 
bone, 566 
diamond, 72, 558 
dioxide, 566 

lime-water reaction, 569 
composition of, 571 
disulphide, 578 
gas carbon, 585 
graphite, 72, 558 
ivory black, 565 
monoxide, 572 
carbonyls, 576 
composition of, 577 
detection of, 577 
suboxide, 578 
sugar, 565 

tetrachloride, 580, 890 
Carbonyls, 574, 576 
Carbylamine reaction, 954 


INDEX 

Carburetted water gas, 596, 574 
Carnallite, 445 
Carter process, 623 
Cassiterite, 613 
Castner process, 422 
Caster-Kellner process, 428 
Catalyst, 219, 755 

I poison, 221 
promoter, 221 
Cataphoresis, 341 
Catechol, 995 
Cathode rays, 42 
Cation exchanger, 512 
Cellosolve, 958 
Cement, 310, 509 
Cementation, 308 
Ceramics, 611 
Cerargyrite, 468 
Cerrusite, 619 
Chain reactions, 370, 792 
Chalcopyrite, 453 
Chalk, 505 

Chance-Claus process, 735 
Charcoal, 564 
Charles’s law, 7, 86 
Chemical— 

combination by weight, 4 
equations, 16 
equilibrium, 222 
symbols, 12 

Chile saltpetre, 422, 659 
Chilean nitrate, 789 
Chloral, 919 
Chlorapatite, 669 
Chlorauric acid, 481 
Chloric acid and chlorates, 808 
Chlorine, 784 

action on water, 411 
oxides— 
dioxide, 807 
heptoxide, 811 
monoxide, 802 
preparation of, 786 
properties of, 790 
uses of, 817 
Chloroform, 888 
Chlorosulphonic acid, 766 
Chlorous acid and chlorites, 808 
Chromogen, 1017 
Chromate passivation, 307 
Chromates, 722 
Chromatographic analysis, 548 
Chrome— 
alum, 548, 771 
red, 625, 773 
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Chrome —( contd .) 

yellow, 625, 772 
Chromic— 
acid, 772 
anhydride, 771 
Chromite, 766 
Chromium, 766 
chloride— 
chromic, 770 
chromous, 769 
electrodeposition of, 768 
extraction of, 767 
hydroxide— 
chromic, 770 
chromous, 769 
occurrence, 766 
oxide— 

chromic, 770 
chromous, 769 
properties of, 767 
sulphate— 
chromic, 769 
chromous, 771 
trioxide, 771 
uses of, 772 
Chromizing, 308 
Chrome-X, 767 
Chromyl chloride, 774 
Chrysocolla, 453 
Cider, 898 
Cinder, 825 
Cinnabar, 526 
Cinnamic acid, 1005 
Claisen reaction, 1001 
Clathrate compounds, 359 
Claud process, 636 
Clausius-Clapeyron equation, 106 
Clay, 611 

ironstone, 824 
Cleavage planes, 119 
Coal— 

anthracite, 583 
bituminous, 583 
cannel, 583 
carbonization, 585 
clarain, 583 
gas, 574, 586 

hydrogenation of, 372, 593 
lignite, 583 
tar, 587 

Coalfields of Great Britain, 584 
Coalite, 593 
Cobalt, 845 
alums, 848 
compounds of, 847 


Cobalt— (contd.) 
extraction of, 845 
occurrence of, 845 
properties of, 845 
uses of, 846 
Cobaltite, 845 

Cohesion pressure of gases, 93 
Coinage metals, 451 
Coke, 591 
Colemanite, 532 
Colcothar, 836 

Colligative properties, 115, 133 
Colloidal— 
state, 338 
solution, 339 
Cologne yellow, 625 
Combustion, 582, 596 
Common salt, 785 
Composite oxide, 389 
Compound, 3 
formation, 187 

Concentration polarization, 285 
Concrete, 310, 510 
Condensation, 911 
Conductance— 
electrolytic, 248 
cell, 250 

cell constant, 251 
Conductivity— 
ratio, 254 
water, 251 

Conductometric analysis, 257 
Congruent melting point, 188 
Conjugate solutions, 176 
Conjugation, 984 

Contact process, 220, 231, 750, 755 
Cooking fats, 944 
Continuity of state, 97 
Constitutive properties, 115 
Co-ordinate link, 75 
Co-ordination compounds, 81 
Copper, 452 
acetates (cupric), 468 
carbonate, 466 
chloride— 
cupric, 466 
cuprous, 463 
compounds, 461 
cyanide (cuprous), 464 
extraction, 453 
hydroxide (cupric), 465 
iodide (cuprous), 464 
nitrate (cupric), 468 
occurrence, 452 
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Copper—( contd .) 
oxide— 
cupric, 465 
cuprous, 462 
properties, 457 
pyrites, 453 

sulphate (cupric), 467, 645 
dissociation of, 198 
uses, 458 
Copperas, 837 
Coring, 194 
Corrosion, 303 

differential type of, 305 
protection against, 306 
Corrosive sublimate, 529 
Corundum, 542 
Cottrell’s method for determination of 
boiling point elevation, 145 
Coulometer, 245 
Coupling reactions, 997, 1017 
Coslettizing, 306 
Cowper stove, 827 
Covalency maximum, 80 
Covalent bond, 70 
partial ionic character of, 78 
Cracking, 869 
Cream of tartar, 445, 966 
Cresols, 995 
Cristobalite, 599 
Critical— 

data of gases, 94 
solution temperature, 177 
Crocus— 
martis, 836 
powder, 836 
Crooke’s dark space, 42 
Cryolite, 422, 542 
Cryoscopic constants, 148 
Cryoscopy, 146 
Crystal— 

carbonate, 435 
lattice, 120 
Crystalline— 
state, 118 

structure types, 122, 125 
symmetry, 119 
Crystallographic— 
axes, 120 
systems, 122 

Cullet, 609 .1 

Cupellation, 471 

Cuprammonium hydroxide, 645 

Cuprite, 455 

Cyanamide process, 633 

Cyanates, 582 


Cyanide process for extraction of 
gold, 480 
silver, 469 
Cyanides, 581 
Cyanogen, 580 

Dalton, 6 

Dative bond (see Co-ordinate link) 
Deacon process, 221, 788 
Debye-Hiickel theory, 314 
Decomposition potential, 284 
Decrolin, 762 
Degree of— 
dissociation, 247 
freedom, 166, 187 
Deionization, 512 
Deliquescence, 199, 415 
Demineralization, 512 
Dempster, A. J., 53 
Depolarization, 286 

Deposition potential (discharge poten¬ 
tial), 288 
Detergents, 947 
Deuterium, 57, 374 
oxide, 375 
Deuteron, 57 
Dialysis, 338 
Diamond, 558 
structure, 126 
Diaspore, 542 
Diastase, 897 
Diazo reaction, 1014 
Diazonium compound, 1014 
Diborane, 540 
Dichromate cell, 286 
Diesel fuel, 869 
Di-ethyl ether, 904 
Diffusion in solid state, 241 
Di-methyl— 
aniline, 1013 
sulphate, 948 
Di-nitrobenzene, 1007 
Diopside, 604 
Dippel’s oil, 565 
Discharge— 
lamps, 359 
potential, 241 
Disperse phase, 339 
Dispersion— 
medium, 339 
system, 339 
Dissociation, 158 
constant, 320 
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Distribution— 
coefficient, 180 
law, 169, 180 
Dobereiner, 487, 499 
Dog-tooth spar, 505 
Dolomite, 487, 499, 570 
Donor bond, 75 
Double bond, 72 
Downs’ process, 422 
Dulong and Petit’s law, 35, 131 
Dumas, 39 

equivalent weight of oxygen, 400 
method for determination of molecular 
weights, 27 
Duplet, 70 
Duralumin, 309, 546 
Dutch process, 623 
Dyes, 1017 

Dynamic allotropy, 129 

Ebullioscopic constant, 143 
Efflorescence, 199, 415 
Einstein, 45 

equation, 45, 57 
Electric steelmaking, 832 
Electrical double layer, 267 
Electrochemical— 
corrosion, 302, 364 
equivalent, 244 
series, 272 

Electrode potential, 267 
determination of, 271 
variation of with current, 273 
Electrolysis, 240 
of brine, 241, 809 
of copper sulphate solution, 243 
of dilute sulphuric acid, 241 
of sodium hydroxide solution, 242 
Electrolyte, 238 
strong, 253 

anomaly of, 313 
types of, 239 
weak, 253 

Electrolytic conductance, 238 
determination of, 249 
Electrolytic polarization, 284 
Electron, 43, 58 
affinity, 61 
charge on, 45 
dot notation, 64 
mass of, 45 
pair, 64, 70 
size of, 45 
subshells, 62 

Electronegativity scale, 78 


Electronic— 
bond, 68 

structure of the elements, 63, 66 
theory of valency, 68 
Electro-osmosis, 342 
Electrophoresis, 341 
Electroplating, 295 
Electrovalent bond, 68 
Electrum, 479 
Element, 3 

Elevation of boiling point, 142 
Emanation, 354 
Empirical formulae, 28, 1025 
Enantiomorphism, 968 
Enantiotropic allotropy, 129, 736 
Endothermic compounds, 202 
Energy level, 60 
Enzyme, 896 
Epsom salt, 498 
Equation of state, 8 
Equivalent weight, 18 
determination of, 18 
Esterification, 900 
Esters, 940 
Etard’s reaction, 999 
Ethane, 859 
Ethers, 904 
Ethyl alcohol, 895 
Ethylene, 870 
glycol, 957 
Eutectic alloy, 185 
Exothermic compounds, 202 
Extraction of solute with a second solvent, 
182 

Face-centred cubic structure, 125 

Fats, 943 

Fatty acids, 923 

Felspars, 421, 444, 605, 611 

Fermentation, 895, 932 

Ferric alum, 551, 839 

Ferrochrome, 767 

Ferromanganese, 819 

Fine silver, 473 

Fire damp, 859 

Fischer-Tropsch synthesis, 372, 893 

Fish oils, 945 

Fittig’s reaction, 989 

Flame, 596 

Flint glass, 610 

Flotation process, 453 

Fluidity, 109 

Fluorapatite, 669 

Fluorescent materials, 359 

Fluorine, 778 
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Fluorine—( contd.) 
compounds, 782 
estimation of, 783 
oxides, 783 
preparation of, 778 
properties of, 780 
uses of, 783 
Fluorspar, 499, 778 
Follsain process, 309 
Forge scale, 825 
Formaldehyde, 913 
Formic acid, 927 
Formose, 915 

Fractional distillation, 173, 382 
Frasch process, 731 
Freezing mixtures, 192 
Friedel-Craft’s reaction, 980, 989 
Fuels and combustion, 582 
Fumaric acid, 974 
Fusain, 583 

Gadolinite, 485 
Gaillard concentrator, 754 
Galena, 619 
Galvanic cell, 268 
Gamma rays, 47 
Garnierite, 840 
Gas— 

constant, 8 
laws, 7 
oil, 869 

Gas-solid systems, 197 
Gaseous fuels, 594 
Gasolene, 867 
Gattermann’s reaction, 999 
Gaylussac— 
tower, 753 
law of volumes, 7, 8 
Gay-Lussite, 499 
Geometrical isomerism, 973 
German silver, 460 
Gin, 898 
Glass, 609 
electrode, 279 
Glauconite, 445 
Glover tower, 753 
Glowray, 768 
Glycerides, 943 
Glycerine, 959 
Glycerol, 959 
Glycol, 957 
Glycollic acid, 964 
Gold, 479 
colloidal, 481 
compounds of, 481 


Gold— {contd.) 
extraction of, 479 
number, 344 
occurrence of, 479 
properties of, 480 
uses of, 481 

Goldschmidt process, 545, 767, 818 
Gossage’s process, 429 
Graham, 338 

Graham’s law of diffusion, 87 
Gramme molecular weight, 11 
Granodine treatment, 307 
Granodizing, 306 
Granulated zinc, 521 
Graphite, 560 
structure of, 72, 558 
Greenockite, 525 
Green vitriol, 837 
Gutzeit test, 699 
Gypsum, 499, 507 

Haber process, 220, 230, 634 
Haematite, 825 
Hall-Heroult process, 543 
Halogen oxides and oxyacids, 802 
Halogens, 71, 775 
Hansgirg process, 491 
Hardness of water, 511 
Hastelloy, 768 
Heat— 

of combustion, 203 
of formation, 203 
of neutralization, 205 
of reaction, 202 

effect of variation of temperature 
upon, 216 
of solution, 203 
Heavy water, 57 
Helium, 351 
Hemimorphite, 516 
Henry’s law, 168 
Hess’s law, 206 
Heteropolar bond, 68 
Hexamine, 912 

Hexagonal close-packed structure, 124 
High-speed steel, 768, 846 
Hofmann— 

method for determination of molecular 
weight, 29 
reaction, 951 
voltameter, 399 
Homologous series, 855 
Homopolar bond, 70 
Horizontal retort process, 588 
Horn silver, 468 
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Hot-dipped metal coatings, 308 
Hybrid structure, 73 
Hydration, 78 
Hydrazine, 647 
Hydrazobenzene, 1008 
Hydrazoic acid, 647 
Hydriodic acid, 795 
Hydrobromic acid, 795 
Hydrochloric acid, 794 
Hydrocyanic acid, 581 
Hydrofluosilicic acid, 608 
Hydrogen, 361 
atomic, 373 
bond, 644 
chloride, 794 
electrode, 269 
fluoride, 782 

ion concentration, 277, 317 
isotopes of, 374 
molecule, structure of, 70 
peroxide, 714 

concentration of, 717 
decomposition of, 718 
detection of, 722 
estimation of, 722 
formula of, 723 
manufacture of, 715 
oxidizing properties of, 719 
preparation of, 714 
properties of, 717 
uses, 724 

preparation of, 361 
properties of, 368 
uses of, 373 

Hydrogenation, 372, 946 
Hydrolysis, 339, 411 
constant, 320 
Hydrosol, 339 
Hydroxonium ion, 315 
Hydroxylamine, 648 
Hypo, 443, 763 
Hypochlorites, 804 
Hypochlorous acid, 808 
Hyponitrous acid, 650, 668 
Hypophosphoric acid, 683 
Hypophosphorous acid, 682 
Hyposulphurous acid, 762 

Iceland spar, 505 

Ideal gas equation (see Perfect gas 
equation) 

Incongruent melting point, 189 
Inert gases, 61, 351 
historical, 353 
preparation of, 354 


Inert gases—( contd .) 
properties of, 355 
uses of, 359 
Inoculation, 134 
Inter-halogen compounds, 816 
Inter-relationship of mass, velocity and 
energy, 44 

Interstitial solid solution, 130 
Intrinsic energy, 213 
Iodic acid, 814 
Iodine, 784 
hydroxide, 814 
manufacture of, 789 
pentoxide, 814 
preparation of, 786 
properties of, 790 
uses of, 817 
Iodoform, 890 
Ion formation, 68 
Ionic— 
bond, 68 
conductivity, 255 
crystals, 127 
mobilities, 256 
product of water, 316 
radii, 62 
Ions— 

absolute velocity of, 264 
independent migration of, 254 
solvation of, 257 
Iron, 825 
alum, 839 
carbide, 828 
carbonate (ferrous), 837 
chloride (ferric), 838 
extraction of, 825 
hydroxide— 
ferric, 837 
ferrous, 836 
occurrence of, 825 
oxide— 
ferric, 836 
ferrous, 836 
ferroso-ferric, 837 
properties of, 833 
rusting of, 835 
sulphate— 
ferric, 838 
ferrous, 837 
Isobares, 57 
Isoelectric state, 154 
Isomerism, 866, 901, 907, 973 974 
Isomorphism, 37, 128 
Isomorphous compounds, 37 
Isopolymorphism, 129 
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Isotonic solution, 154 
Isotope, 55 

Isotopes of hydrogen, 374 
Isotropic crystals, 122 
Ivory black, 565 

Jeweller’s rouge, 836 

Kainite, 445 
Kerosene, 869 
Kesstler concentrator, 754 
Ketones, 908 

Kinetic theory of gases, 84 
Kipp’s apparatus, 362 
Kohlrausch’s law, 254 
Kolbe’s reaction, 863, 997 
Kopp’s law, 131 
Krypton, 351 
K series of X-rays, 49 
Kurfstein process, 716 

Lactic acid, 965 
Lamp black, 563 

Landsberger’s method for determination 
of boiling-point elevation, 144 
Lane process, 366 
Langmuir, Irving, 64 
Latent heat— 
of fusion, 132 
of vaporization, 103 
Law— 

of conservation of mass, 4 
of constant proportions, 5 
of equivalent proportions, 5 
of indestructibility of matter, 4 
of isomorphism, 36 
of mass action, 219 

application to electrolytes, 311 
application to heterogeneous systems, 
236 

of multiple proportions, 5 
of octaves, 41 
of partial pressures, 7, 8 
of rational indices, 121 
of reciprocal proportions, 5 
of triads, 39 
Layer lattices, 126 
Lead, 619 

accumulator, 624 
acetate, 625 
carbonate, 623 
chamber process, 220, 751 
chromate, 624 
dioxide, 625 
extraction of, 620 


INDEX 

Lead— (contd.) 
glass, 610 
occurrence of, 619 
oxides, 622 
properties of, 620 
sulphate, 624 
tetrachloride, 625 
tetraethyl, 626 
uses of, 621 

Le Chatelier-Braun principle, 224 
Leclanch6 cell, 286 
Lemon chrome, 625 
Line spectra, 60 
Lignite, 583 
Limestone, 499, 505 
Lime water, 504, 569 
Limonite, 825 
Linde liquefier, 383 
Linnaeite, 845 

Liquefaction of gases, 96, 100 
Liqueurs, 898 
Liquid air process, 381 
Liquidus, 185 
L series of X rays, 49 
Litharge, 622 
Lithium, 418, 531 
compounds, 420 
Lithoform treatment, 307 
Lithopone, 516 
Lodestone, 825 
Lorentz and Lorenz, 113 
Luce-Rozan process, 470 
Lunar caustic, 477 
Lyophilic— 
sols, 344 
system, 340 
Lyophobic— 
sols, 341 
system, 340 

Macleod, 109 
McArthur-Forrest process— 
extraction of gold, 469 
extraction of silver, 480 
Magnesia, 495 
Magnesium, 487, 531 
bicarbonate, 497 
carbonate, 496 
chloride, 498 
compounds of, 495 
extraction of, 488 
hydroxide, 496 
occurrence of, 487 
oxide, 495 
phosphate, 497 
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Magnesium—( contd .) 
properties of, 493 
sulphate, 498 
uses of, 494 
Magnesite, 487 
Magnetite, 825 
Malachite, 453, 466 
green, 1001 
Maleic acid, 974 
Malic acid, 966 
Malonic acid, 963 
Malonic-ester synthesis, 964 
Manganese, 818 
bronze, 460, 820 
compounds of— 
hexavalent, 823 
manganic, 821 
manganous, 821 
tetravalent, 822 
occurrence of, 818 
Manganates, 823 
Marble, 505 
Margarine, 944 
Markownikoff’s rule, 881 
Marsh gas, 859 
Marsh’s test, 697 
Martensitic stainless steel, 768 
Mass— 
defect, 57 
number, 53 
spectrograph, 52 
Massicot, 622 

Maximum boiling point mixture, 175 
Mead, 898 
Mendeleeff, 41 
Mercury, 526 
chloride— 
mercuric, 529 
mercurous, 528 
compounds of, 527 
extraction of, 526 
iodide (mercuric), 529 
occurrence of, 526 
oxide— 

mercuric, 528 
mercurous, 527 
properties of, 526 
uses of, 527 

sulphate (mercuric), 530 
Mesitylene, 882 
Mesomerism (see Resonance) 

Meson, 54 

Meso-tartaric acid, 971 
Meta-antimonates, 705 
Metaldehyde, 912 


Metamerism, 907 
Metallic bond, 126 
j Metallization, 308 
| Metalloids, 42 
Metals— 

action on acids, 363 
action on alkalis, 365 
action on water, 364, 408 
Metaphosphoric acid, 686 
Methane, 859 
Methyl— 

alcohol, 372, 892 
aniline, 1012 
hydrogen sulphate, 948 
orange, 1018 
Meyer, Lothar, 40 
Micaceous haematite, 837 
Micas, 604 

Microcosmic salt, 685 
Milk— 
of lime, 504 
of magnesia, 496 
Miller indices, 121 
Millilitre, 407 
Millon’s base, 529 
Minimum, 622 
boiling point mixture, 176 
Miscibility gap, 177 

Mitscherlich’s law of isomorphism, 128 
Mixture, 3 
Molality, 133 
Molarity, 133 
Molecule, 6 
Molecular— 
heat of gases, 91 

rotatory power (molecular rotation), 
114 

refraction, 112, 117 
surface energy, 109 
volume (molar volume), 109, 115 
weight, 11 

determination of, from measurement 
of vapour density, 26 
in solution, determination of, from 
vapour pressure measurements, 137 
Mol fraction,* 133 
Mond gas, 595 
Monoclinic sulphur, 736 
Monosilane, 606 
Morley’s experiment, 402 
Morse and Frazer, 152 
Mosaic gold, 619 
Moseley, H. G. J., 49 
Motor spirit, 867 
Muscovite mica, 605 
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Nacreous sulphur, 737 
Nascent hydrogen, 371 
Native— 
copper, 452 
gold, 479 
silver, 468 
Natron, 422 
Negative catalyst, 221 
Nelson cell, 429 
Neon, 351, 354 
Nernst, 267 
equation, 276 
Nessler’s solution, 642 
Neutral— 
oxide, 389 
refractories, 613 
Neutralization, 325 
indicator, 330 
Neutrino, 54 
Neutron, 53 
Newlands, 41 
Nickel, 840 
carbonyl, 841 
compounds of, 843 
extraction of, 840 
occurrence of, 840 
properties of, 842 
silver, 460 
uses of, 842 
Nichrome, 768, 843 
Niton, 354 
Nitrates, 666 
Nitre, 446 
cake, 441 
Nitric acid, 658 
action on metals of, 662 
formula of, 665 
Nitric oxide, 651 
Nitrides, 629, 640 
Nitrites, 667 
Nitrobenzene, 1006 
Nitrogen, 627 
arc process, 631 
Claude process, 636 
compounds, 636 
cyanamide process, 633 
detection of, 642 

fixation of atmospheric nitrogen, 631 

Haber process, 634 

nitrides, 629, 640 

cycle in nature, 630 

oxides and oxyacids, 649 

pentoxide, 656 

peroxide, 654 


Nitrogen—( contd .) 
structure of, 72 
trichloride, 640 
tri-iodide, 640 
tri-oxide, 656 
Nitrolic acids, 908 
Nitroparaffin test, 903 
Nitroparaffins, 949 
Nitrosobenzene, 1009 
Nitrosyl chloride, 652 
Nitrous— 
acid, 667 
anhydride, 653 
esters, 948 
oxide, 649 

Noble gases (see Rare gases) 
Non-metals, action on water, 411 

Octane number, 868 
Octet, 64, 68 
Olefines, 869 
Olivine, 602 

Open-hearth process, 831 
Optical— 
activity, 967 
rotation, 114, 117 
Orange lead, 623 
Orbital, 60 
circular, 62 
elliptical, 62 
Organic— 
analysis, 1021 

of carbon and hydrogen, 1021 
of halogens, 1022 
of nitrogen, 1021 
of sulphur, 1023 
chemistry, 851 
Organosols, 339 
Orientation, 986 
Orpiment, 694 
Orthoclase, 605 
Ortho-hydrogen, 374 
Ortho-phosphoric acid, 683 
Osmosis, 150 
Osmotic— 
pressure, 150 

influence of concentration and pres- 
. sure on, 153 

relationship to vapour pressure, 155 
properties, 133 
Ostwald’s dilution law, 312 
Overgrowths, 128 
Overvoltage of hydrogen, 290 
Oxalic acid, 960 
Oxidation, 391 
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Oxidation-reduction— 
potentials, 279 
indicators, 283 
Oxides, 379 

classification of, 388 
Oxygen, 367 

extraction from air, 381 
manufacture of, 380 
preparation of, 378 
properties of, 384 
uses of, 394 

Oxy-hydrogen blowpipe, 373 
Ozone, 725 

decomposition of, 726 
detection and estimation of, 730 
formula of, 729 
oxidizing properties of, 727 
preparation of, 725 
properties of, 726 
structure of, 73 
uses of, 731 

Packing fraction, 57 

Paints, 309 

Parachor, 116 

Paraffins, 859 

Para-hydrogen, 374 

Paraldehyde, 912 

Parameters, 120 

Para-periodic acid, 816 

Paris green, 703 

Parker process, 592 

Parkerizing, 306 

Parkes’ process, 469 

Parting of silver and gold bullion, 471 

Partition law, 169 

Patina, 307 

Pauli “Exclusion Principle,” 63 

Pearl ash, 446 

Pcntlandite, 840 

Peptization, 346 

Perchlorates, 811 

Perchloric acid, 811 

Perfect gas equation, 92 

Periodic acid, 816 

Periodic Classification, 34, 38, 40 

Peritectic point, 188, 195 

Perkin reaction, 913, 1001 

Permanent hardness of water, 511 

Persulphates, 764 

Persulphuric acid, 764 

Petroleum, 865 

Pfeffer, 151 

pH value (see Hydrogen ion concentra 
tion) 


Phase diagrams, 161 
influence of polymorphic changes on, 
162 

Phase rule, 165 
Phenacite, 602 
Phenol, 994 
Phlogiston theory, 376 
Phloroglucinol, 995 
Phosphates, 684 
meta-, 684 
pyro-, 684 
Phosphate— 
beads, 687 
conditioning, 514 
Phosphine, 676 

Phosphonium compounds, 679 
Phosphorus, 669 
acids— 

hypophosphoric, 683 
hypophorphorous, 682 
metaphosphoric, 686 
orthophosphoric, 683 
phosphorous, 682 
phosphoric, 686 
allotropy of, 672 
dioxide, 680 
halides, 689 
bromide, 691 
fluoride, 691 
iodide, 691 
oxychloride, 691 
pentachloride, 690 
trichloride, 690 
hydrides, 676 
manufacture of, 609 
oxides of, 679 
pentoxide, 680 
structure of, 681 
sulphides, 693 
trioxide, 679 

Photographic chemistry, 476 
Phthalic acid, 1005 
Pi ( 77 -) sulphur, 738 
Pidgeon process, 491 
Pig iron, 828 
Pink salt, 619 
Planck, Max, 59 
Planck’s constant, 59 
Plaster of Paris, 507 
Plastic sulphur, 738 
Plating bath, 297 
Poggendorf cell, 286 
Polar bond, 68 
Poiseuille’s law, 110 
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Polyhalite, 445 • 
Polyhydric alcohols, 957 
Polymerization, 882 
Polymethylene, 876 
Polymorphism, 129, 162 
of sulphur, 164 
Polythionic acids, 765 
Portland cement, 509 
Positive rays, 44 
Positron, 54 
Potash, 446 
alum, 551 
Potassium, 444 
bicarbonate, 447 
bismuthate, 705 
bromide, 448 
carbonate, 446 
chlorate, 378 
chloride, 448 
extraction of, 445 
ferricyanide, 840 
ferrocyanide, 839 
fluoride, 778 
hydrogen sulphate, 450 
hydroxide, 446 
iodide, 448, 791 
nitrate, 450 
occurrence of, 444 
perchlorate, 379 
permanganate, 824 
properties of, 445 
uses of, 446 
Precht’s process, 446 
Producer gas, 573, 594 
Propane, 859 
Propylene, 876 
Protogenic solvent, 315 
Proton, 46 
Prussian blue, 839 
Prussic acid, 581 
Psilomelane, 818 
Purple of Cassius, 481 
Purple ore, 825 
Pyknometer, 170 
Pyrex glass, 610 
Pyro-antimonates, 705 
Pyrogallol, 995 
Pyroligneous acid, 686 
Pyrolusite, 818 
Pyromic, 768 
Pyrophosphates, 684 
Pyrosulphuric acid, 764 
Pyroxene, 604 


Quanta, 59 
Quantum— 
levels, 63 
number— 
magnetic, 63 
principal, 63 
spin, 63 
theory, 59 

Quaternary ammonium compounds, 
955 

Quartz, 599 
glass, 610 

Quinhydrone electrode, 278 
Quinol, 955 

Racemic acid, 971 
Radenthein process, 491 
Radical, 16 
Radon, 351 

Ramsay and Young’s' method for 
measurement of vapour pressure, 
104 

Raoul t, 136 
law, 138 

Rare earth metals, 67 
Rast’s method for determination of 
molecular weight, 150 
Realgar, 694 
Rectified spirit, 898 
Red- 
lead, 622 
ochre, 837 
phosphorus, 672 
prussiate of potassium, 840 
Redox potentials, 280 
Reduction, 391 
Refractive index, 113 
Refractories, 612 
Reimer-Tiemann reaction, 997 
Relative— 

lowering of vapour pressure, 136 
viscosity, 112 
Resonance, 73, 985 
Resorcinol, 995 
Rest mass, 45 
Rhombic sulphur, 736 
Rhodochrosite, 818 
Rhodonite, 818 
Rinman’s green, 522 
Rochelle salts, 967 
Root mean square velocity, 84 
Roozeboom, H.W.B., 165 
Rongalite, 762 
Rubber, 310 
I Rum, 898 
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Rutherford, Lord, 47 
Rutherford-Bohr atom, 59 
Rydberg series, 64 

Sabatier-Senderens reaction, 860 
Saccharin, 1005 
Safety glass, 610 
Salicylic acid, 1016 
Salt- 
cake, 442 
industry, 438 
Salting out, 344 
Saltpetre, 450 
Salts (acids and bases), 394 
Sandmeyer reaction, 1016 
Saponification, 940 
Saturated solution, 134 
Scheele’s green, 703 
Schotten-Baumann reaction, 996, 1004 
Schulze-Hardy rule, 342 
Seeding, 134 
Selenium alum, 551 
Semi-permeable membrane, 150 
Semi-polar bond (see Co-ordinate link) 
Semi-water gas, 574, 595 
Sheradizing, 308, 520 
Siderite, 570 
Siemen’s ozonizer, 725 
Silanes, 605 
Silica, 599, 554 
Silicates, 601 
Silicic acids, 600 
Silicon, 531, 533, 598 
carbide, 608 
compounds of, 599 
hydrides, 605 
tetrafluoride, 607 
Silver, 468 
chloride, 475 
cyanide, 478 
extraction of, 469 
glance, 468 
halides, 475 
nitrate, 477 
occurrence of, 468 
oxide, 475 
properties of, 472 
uses of, 473 
Slaked lime, 504 
Smaltite, 845 

Smith and Menzies* apparatus for de¬ 
termination of vapour pressure, 105 
Snell’s law, 113 
Soaps, 946 
Soda ash, 433 


Sodium, 421 

bicarbonate, 437 
bismuthate, 705 
bisulphate, 441 
bisulphite, 441, 749 
carbonate, 431 
chloride, 418, 421 
structure of, 127 
compounds of, 426 
extraction of, 422 
hexametaphosphate, 514, 686 
hydride, 426 
hydrosulphite, 762 
hydroxide, 428 
manganate, 384 
metaborate, 538 
nitrate, 444 
nitrite, 444 
occurrence of, 421 
oxides, 426 
perborate, 538 
peroxide, 380 
phosphate, 685 
properties of, 424 
sesquicarbonate, 438 
sulphate, 199, 442 
sulphide, 440 
sulphite, 441, 749 
thiosulphate, 443, 763 
! uses of, 425 

Solid-liquid-vapour equilibria, 160 
Solid solution, 128 
Solidus, 186 
Solubility— 

of salts and hydroxides, 135 
of solids in liquids, effect of tempera¬ 
ture variation upon, 134 
Solution pressure, 267 
Solutions— 

of gases in liquids, 166, 169 

influence of temperature variation 
upon,167 

influence of pressure variation upon, 
168 

of liquids in liquids, 171 
of solids in liquids, 183 
Solvation, influence of, upon nature of 
chemical bonding, 78 
Solvay process, 432 
Sombrerite, 669 
Space lattice, 120 
Spathose, 825 
Specific heat— 

of gases, 10, 33, 88 
of solids, 131 
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Speculum, 460 
Spelter, 518 
Sphalerite, 516 
Spiegeleisen, 818, 831 
Spinel, 542 

Stable compound, 188 
Stainless steel, 768, 820 
Standard— 

electrode potential, 273 

silver, 473 

temperature and pressure (S.T.P.), 10 
Steam distillation, 179 
Steel— 

manufacture of, 829 

types of, 833 
Stellite, 846 
Stereoisomerism, 967 
Sterling silver, 473 
Steric hindrance, 973 
Stibine, 697 
Stibnite, 694 
Stokes’ law, 112 
Streamline flow, 109 
Strontium, 514 
compounds of, 514 
extraction of, 514 
occurrence of, 514 
properties of, 514 
uses of, 514 

Structural formulae, 856 
Sub-atomic particles, 54 
Sublimation, 132 
Suboxides, 389 
Succinic acid, 964 
Sugar of lead, 625 
Sulphides, 742 
Sulphites, 749 
Sulphonic acids, 993 
Sulphur, 731 
allotropy of, 736 
amorphous, 738 
Chance-Claus process, 735 
compounds, 740 
dioxide, 744 
Frasch process, 731 
monoclinic, 736 
nacreous, 737 
properties of, 735 
plastic, 738 
rhombic, 736 

sulphur dioxide process, 733 
sulphuretted hydrogen process, 734 
structure of, 71 
tabular, 737 


Sulphur—( contd .) 
trioxide, 749 
uses of, 735 

Sulphuretted hydrogen, 740 
Sulphuric acid, 751 
Chamber process, 751 
concentration of, 754 
Contact process, 755 
properties of, 758 
uses of, 761 
Sulphurous acid, 749 
Super-cooled liquids, 118 
Super-cooling, 162 
Superoxide, 389 
Superphosphate, 481, 685 
Supersaturated solution, 134 
Sylvine, 445 
Systems— 

Metallic — 

Cadmium-mercury, 196 
Cadmium-zinc, 195 
Copper-gold, 197 
Copper-manganese, 197 
Copper-nickel, 196 
Copper-silver, 195 
Lead-antimony, 195 
Lead-tin, 194, 195 
Nickel-palladium, 197 
Platinum-rhodium, 196 
Silver-gold, 196 
Silver-platinum, 196 
Organic — 

Naphthalene-/? naphthol, 196 
Naphthalene-monochloracetic acid, 
195 

/?-chIoriodobenzene-/?-dichloroben- 
zene, 197 

Oxides and silicates — 

Alumina-lime, 188 
Alumina-silica, 190 
Manganese silicate-magnesium sili¬ 
cate, 196 
Salts — 

Ammonium sulphate-water, 191 
Copper nitrate-water, 191 
Ferric chloride-water, 192 
Lead chloride-lead bromide, 196 
Manganese nitrate-water, 190 

Potassium bromide-potassium'chlor¬ 
ide, 197 

Potassium carbonate-sodium car¬ 
bonate, 197 

Silver chloride-cuprous chloride, 195 
Silver chloride-lithium chloride, 196 
Silver chloride-sodium chloride, 196 
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Systems 

Salts —( contd .) 

Silver iodide-mercuric iodide, 195 
Silver nitrate-sodium nitrate, 196 
Sodium hydroxide—water, 190 

Tabular sulphur, 737 
Tartar emetic, 703, 967 
Tartaric acid, 966 
Temporary hardness of water, 511 
Thermal dissociation, 30 
Thermit process, 545 
Thermochemical calculations, 215 
Thio-antimonates, 708 
Thioarsenates, 708 
Thionic acid, 765 
Thionyl chloride, 766 
Thiosulphuric acid, 763 
Thixotropy, 345 
Thomson, Sir J. J., 43 
Thorveitite, 603 
Tin, 613 
chloride— 
stannic, 618 
stannous, 617 
hydroxide— 
stannic, 618 
stannous, 616 
extraction of, 613 
occurrence of, 613 
oxide— 

stannic, 617 
stannous, 616 
properties of, 614 
stannic acids, 618 
sulphide— 
stannic, 619 
stannous, 617 
uses of, 615 
Tincal, 532 

Tincture of iodine, 818 
Tinplate, corrosion of, 303 
Toluene, 988 

Transition temperature, 129 
Transitional elements, 42, 353 
Transpiration method of vapour pressure 
measurement, 105 
Transport numbers, 259 
determination of, 262 
Traube, 151 
Trichlorethylene, 891 
Tridymite, 599 
Trilene, 891 
Tri-nitrobenzene, 1007 
Triple point, 160 


Tritium, 374 
Trona, 422 
Trouton’s rule, 106 
Turnbull’s blue, 840 

Ultramicroscope, 341 
Undercooling, 162 
Urea, 851 

Valency (or valence), 12, 68 
Van der Waals’ equation, 93, 98 
Van’t Hoff, 143, 150, 155 
coefficient, 246 
isochore, 224 
Vapour— 
density, 11 
abnormal, 30 
pressure— 
of liquids, 102 

measurement of, 104, 139 
of solids, 131 
of solutions, 136 

effect of temperature variation 
upon, 138 
Varnishes, 309 
Vegetable oils, 945 
Velocity of chemical reaction, 218 
Venetian red, 836 
Verdigris, 468 

Vertical retort processes, 588 
Victor Meyer’s method for determination 
of molecular weight, 28 
Vinegar, 932 
Vinyl compounds, 881 
Violet phosphorus, 672 
Viscose, 579 
Viscosity, 109 

determination of, 110 
Vitrain, 583 
Vitreous enamels, 309 
Vodka, 898 
von Babo, 136 
von Weimarn’s rule, 345 

Walden’s rule, 257 
Walterization, 306 
Washing soda, 435 
Water, 397 

action on metals, 764 
action on non-metals, 411 
composition of, 397, 400, 415 
decomposition of, 398 
gas, 367, 573, 595 
reaction, 229 
glass, 610 
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Water—( contd.) 
heavy, 416 
properties of, 605 
of crystallization, 413 
treatment (and conditioning), 511 
Wavellite, 669 
Waxes, 943, 946 
Weldon process, 787 
Westron, 891 
Westrosol, 891 
Whisky, 898 
White- 
lead, 623 

phosphorus, 672, 670 
vitriol, 524 
Willard Gibbs, 165 
Williamson’s synthesis, 905 
Wohlwill process, 472 
Wood- 
charcoal, 563 
distillation, 892 
Wullner, 136 
Wurtz synthesis, 863 

Xenon, 351 


X-ray spectra, 49 
X-rays, 49 
Xylenes, 991 

Yellow prussiate of potassium, 839 
Zeolites, 605 

Zeolite water-softening process, 512 
Zinc, 516 
carbonate, 523 
chloride, 523 
dust, 521 

extraction of, 517 
hydroxide, 522 
occurrence of, 516 
oxide, 521 
properties of, 519 
sacrificial corrosion of, 303 
sulphate, 524 
sulphide, 524 
uses of, 520 
vitriol, 524 ✓ 
white, 524 
Zircon, 602 
Zymase, 896 
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